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ABSTRACT
Every year global motorization increases as more motor vehicles are
manufactured, and the total number of vehicle miles traveled rises. These increased
travel opportunities result in higher numbers of injuries, fatalities, and monetary losses
associated with traffic-related crashes. In the last decade, hundreds of thousands of
people were killed by vehicle collisions in the United States.

The World Health

Organization has labeled traffic crashes as the ninth leading cause of global disease; by
the year 2020, traffic crashes are expected to rise to number three. An opportunity exists
to improve global human safety through research and innovation in driver training and
evaluation and advanced vehicle safety systems. In this dissertation, four research studies
were conducted: creation and evaluation of a safe driving program, driver classification
using in-vehicle data collection and analysis, development of an obstacle avoidance
warning system, and design of a run-off-the-road recovery controller.
The most critical component of vehicle safety is the driver. For this reason, a safe
driving program was developed to improve driver skills, knowledge, attitudes, and
behaviors. The program consisted of driving and tent modules that were targeted to
younger and less experienced drivers.

Standardization of the modules allowed for

student assessment using subjective and objective evaluation tools. A total of 86 students
participated in a case study. Comparison of pre- and post-event tests indicated a 10% net
increase of knowledge with a student and parent satisfaction level of 89.6%. One driving
module focused on a tailgating scenario using a custom apparatus to simulate a tailgating
situation. For this module, 75% of the evaluated students received a passing grade (85%
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or above), while the other 25% received valuable feedback on their specific driving
deficiencies.
The evaluation of normal driving tasks can be used as a tool to supply drivers
with feedback regarding inadequate skills or poor behaviors, while providing off-line
users with risk assessment. Three custom analysis techniques were developed to analyze
real-world driver behavior and provide a normalized driving score, ultimately creating a
driver classification system and risk assessment. A five-person case study was performed
to demonstrate the capability of the developed methodologies; the results successfully
differentiated each driver’s overall performance.
Driver safety may also be improved through the use of advanced on-board vehicle
safety systems. A customizable hardware-in-the-loop steering simulator was used to
create an obstacle avoidance system. Variable levels of vibration were provided to the
driver through the steering wheel to communicate critical roadway information.
Laboratory results demonstrated that haptic steering feedback improved driver
performance as measured by a 62% reduction in obstacle hit rates. In addition, small
reductions were found in peak steering wheel angle and peak vehicle yaw rate, as well as
a 10m (32.8ft) increase in the reaction distance to the obstacles.
For situations involving a run-off-the-road scenario, a more invasive autonomous
vehicle system may provide a greater safety benefit by removing driver error from the
recovery process. Two steering and braking controllers, Sliding Mode and State Flow,
were designed and simulated using the CarSim and Matlab/Simulink software packages.
The complete simulation results illustrated that these controllers outperformed the driver
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steering model by safely performing the recovery process over a range of vehicle and
roadway conditions. Peak lateral error was reduced by 447% and 663% for the Sliding
Mode and State Flow controllers, respectively. In addition, the controllers’ performances
were greatly influenced by the vehicle speed and roadway surface friction.
This research study proposes a multi-phased approach to improve driver safety.
Future opportunities for driver improvement are highlighted by further development of
training modules, increasing the number of events, and a large-scale dissemination of the
driver classification system.

Concurrently, further exploration of the human-vehicle

interface will improve the haptic feedback warning system.

Lastly, a better

understanding of the vehicle/road interface coupled with robust vehicle parameter
estimators will advance the performance of autonomous vehicle controllers.
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CHAPTER ONE
INTRODUCTION
Despite advances in vehicle and roadway safety and driver training, automobile
crashes continue to cause property damage and extensive injuries. From an economic
perspective, most recent estimates state that traffic crashes in the year 2000 accounted for
$231 billion of losses throughout the United States (Blincoe et al., 2002). According to
the National Highway Traffic Safety Administration’s (NHTSA) annual traffic safety
facts report (NHTSA, 2008), 37,261 fatalities and 2.346 million injuries occurred due to
traffic crashes in 2008. Unquestionably, vehicles manufactured today are significantly
more crashworthy than vehicles produced thirty, twenty, or even ten years earlier. In
addition, significant consideration is given to safety when designing modern roadways to
help combat vehicle crashes; yet, in the last several decades overall driver safety levels
have not significantly improved in the United States. Although the fatality rate based on
vehicle miles traveled (VMT) has improved significantly since the 1960’s, it has
remained fairly constant from the early 1990’s ranging from 1.25 to 2.0 fatalities per 100
million VMT (NHTSA, 2008). Projections for 2009 are encouraging with fatalities in the
range of 34,000 with 1.16 fatalities per 100 million VMT (Strickland, 2010). A small
shift in focus from purely vehicle-related safety to both vehicle-related and driver
behavioral factors may account for the recent three straight years of decreases (2007:
41,259 and 1.36; 2008: 37,261 and 1.27; 2009 projected: 33,963 and 1.16).
The focus on both the vehicle and driver for safety improvement closely
resembles models used by many leading countries in roadway safety (Wegman, 2007).

1

Investigations of driver safety outside the United States have examined more than the
vehicle or road because many factors contribute to the cause and total cost of automobilerelated crashes. For example, roadway design, roadway and driving conditions, driver
skill level, driver behaviors, vehicle design, and vehicle safety systems all affect whether
a crash occurs and its severity.
In the United States, government mandated safety standards, including mandatory
vehicle crash worthiness and passive and active safety features, must be fully addressed
by automotive designers with new technologies continually integrated into government
legislation. The most recent example is mandatory traction control on all vehicles sold in
the United States starting in 2012 (NHTSA, 2007). Additionally, roadway design and
safety features receive significant attention from the civil engineering and human factors
communities (Dewar, 2007).

Although driver education and training programs

throughout the world aim to address many driver-related crash factors including skill
levels and behaviors, limited focus has been given to the human variable in automotive
safety within the United States (Williams and Hanworth, 2007). The question of what
signifies a “good” or “bad” driver and what quantifies the risk a driver may pose to others
during their daily driving has yet to be definitively answered.
Driver training is a necessary and important aspect of vehicle operation and
general mobility. During the calendar year 2002 in the United States, approximately 3.5
million sixteen and seventeen year olds received their drivers’ licenses with roughly half
completing some form of driver training requirement (Hubler, 2004). Such requirements
vary state by state, but generally consist of thirty classroom hours and six behind-the-
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wheel hours before a beginner driver is eligible for their vehicle operation license
(Bishop et al., 2005).

Beyond traditional driver education, supplemental training

programs range from brief internet courses to intensive multi-day in-vehicle programs
have been developed (Mayhew, 2007). Driver training programs are primarily designed
to increase driver safety and/or driver skill through use of general or situational
methodologies (refer to Figure 1.1). In order to achieve the program’s goal(s), several
different program types, paradigms, and methodologies can be used.

Figure 1.1: Program design structures of various driver training programs
In addition to the previously mentioned driver education, various other program
types exist including: safe driving programs, advanced driver training programs, and race
driving programs.

Each of these programs may feature one or more paradigms

(classroom, simulator/simulation, and closed course and open course behind-the-wheel
training), which can be separated into either general or situational training. Novice or
beginner orientated training usually includes more general instruction as the student’s
starting knowledge base is limited. Higher level learning may include more situational
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training which focuses on specific sets of skills or knowledge. Past research has shown
that programs which attempt to increase driver safety through driver skill training are at
best ineffective and can potentially increase the student’s crash risk (Senserrick, 2007).
Specifically, students can become overconfident due to the completion of an advanced
driving skills course. According to Foss (2007), programs focused on improved safety
should address human behaviors equally or to a greater extent than driving skills and
knowledge. Additionally, these courses should include targeted content appropriate for
the given demographic. Ultimately, realistic and practical training methods are critical to
impart skills to a large target audience for high penetration levels (Hatakka et al., 2002),
while program content and effective implementation are vital to providing a beneficial
training program.
Due to the inherent dangers associated with driving, implementation of behindthe-wheel training can be a costly and difficult feat.

Safety of both the student and

instructor must be taken into consideration, and property damage is possible whenever a
moving vehicle is used. For these reasons, computer-based simulators have been used in
driver training courses for high-risk situations to ensure both the safety of all parties and
removal of any collision possibility (Kaptein et al., 2007). For an effective safe driving
program, realistic scenarios should be simulated while maximizing student through-put
and minimizing per-student costs. Because higher fidelity simulators can be costly and
difficult to transport (limiting training locations), simulators are inefficient for certain
applications.

Development of new training tools and methodologies can provide a
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realistic experience while being more cost-effective than simulators and allow for greater
overall impact.
Several different approaches have been explored to analyze driving behavior and
classify driver performance. Skill tests, either written or behind-the-wheel, can assess
driving potential and remain a common assessment tool for licensure privileges (TRB,
2006). Observation of real life daily driving is also a good method to measure and
classify driver performance. Although drivers behave differently when knowledge of
their monitoring is known, long-term data collection can reduce this effect while
minimizing abnormal driving behavior. For example, automotive insurance companies
which use driving history, including previous traffic crashes and moving violations, to
evaluate a driver’s potential risk and estimate premium costs (Ong and Stoll, 2007).
Driver behaviors and skill levels may also be evaluated through the use of objective
driving data.
In-vehicle data acquisition systems, used predominantly by vehicle developers,
allow for customized quantitative analysis of vehicle performance (Richardson and
Brindley, 1985).

More recently, electronic recording devices offer plug-and-play

usability, making individual data collection easier and large-scale data acquisition
possible. Typically, vehicle speed, engine speed, throttle position, and other vehicle
parameters are recorded through the vehicle’s on board diagnostic (OBD-II) port and
presented in graphical form via supplied software. Use of external sensors such as
accelerometers, global positional systems (GPS), and video cameras can strengthen the
data analysis and include physical locations for the instrumented vehicle. Some data
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collection units include preset parameter limits, which alert the driver (and other
stakeholders off-line) of unacceptable driving behavior, while off-line data analysis is
also possible and can provide greater performance evaluations.
Besides driver training and increased self-awareness through behind-the-wheel
classification, the human-vehicle interface has proven to be a critical component in safe
driving. The passenger and commercial vehicle has traditionally been operated by a
single individual who commands the accelerator pedal, brake pedal, transmission gear,
and steering wheel to navigate the roadway in a safe manner. The primary means of
operator feedback have been visual (e.g., surrounding traffic, roadway signals,
environment, and pedestrians), haptic (e.g., steering wheel and seat) and audio (e.g., horn,
siren, and radio broadcast). As the cost for real time control systems decreases, advanced
in-vehicle safety features are being developed to provide drivers with a greater amount of
information to improve decision-making. However, driver focus is of critical importance
during the driving task so that the information provided by the safety features must be
clear and concise. From a decision making perspective, driver’s tend to trust visual inputs
the most due to their reliance on sight sensory information throughout their daily lives
(e.g., Donmez et al., 2006). Therefore, visual feedback must remain the primary feedback
channel.
The visual, haptic, and auditory signals constitute the in-vehicle feedback
channels as shown in Figure 1.2. Examples of each feedback method are provided below
the individual medium. Each of these channels can be differentiated into two types of
communication modes: default and “target” designed. In the default mode, the driver
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receives feedback through the traditional visual, haptic, and audio channels (e.g., Liu,
2001). The operator can obtain data through the windshield view, dashboard gauges and
lamps, steering wheel feel, and traffic/vehicle sounds. However, additional feedback can
be specifically designed through auxiliary in-vehicle signage, haptic actuators, and voice
commands. For example, light emmiting diodes (LEDs) and liquid crystal display (LCD)
text message monitors can notify the driver of adverse scenarios such as upcoming
obstacles, pending front or rear collisions, and lateral vehicle positioning on the roadway
for runoff concerns.
IN-VEHICLE FEEDBACK

HAPTIC

VISUAL

(Default)

(Default)

SCENE
RENDERING
- Traffic
- Control Devices
- Surroundings
- Road signs

DASH
BOARD
- Gauges
- On-Board Diagnostics
- Global positioning
system (GPS)
- Lamps

AUDIO

(Default)
SAFETY LIGHTS
(LEDs)
- Vehicle position
- Collision avoidance
- Obstacle detection
- Lateral offset
- Skid

LCD
MONITOR
- Graphic display
- Text messages

TONES / CHIMES

OTHERS
- Radio/Stereo systems
- Traffic/Environment

- Emergency alert and
priority notification
- Open door, parking
brake, seat belt

VOICE TAGS
- Emergency alerts
– Driver action
messages
- Vehicle output
messages

(Default)
STEERING
- Road feel through
steering column
- Yoke/Shake
- Turning stiffness

BRAKE / THROTTLE
- Pedal pulsation to
notify (ABS/TCS)
- Chassis safety system

SEAT
- ‘g’-forces during
vehicle motion

Figure 1.2: In-vehicle human/machine communication channels with default and custom
design
Providing feedback through vehicle steering systems is possible due to an
evolution in steering methods. Directly connected steering systems are most commonly
used in passenger vehicles and use hydraulic assistance, which requires less applied
torque to the steering wheel (Wang et al., 2005). Electric motors, requiring less energy
and allowing for variable assist levels, have more recently replaced the hydraulic
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counterparts (Nakayama and Suda, 1994). Complete electronic motors and servos (steerby-wire systems) are beginning to fully replace direct-connection steering systems,
demanding less space, facilitating easier worldwide design and manufacturing, and
providing the ability for customization such as variable steering ratios based on vehicle
speed and trajectory (Kim and Song, 2002).

Additionally, the opportunity for

customization of the steering feel is possible but remains a challenge to system designers.
In certain situations, advanced driver notification may not be possible or may not
provide significant safety benefit. For example, a leading cause of fatal crashes in the
United States is over-correction following a run-off-the-road (ROR) or two-wheels-off
driving situation (Singh, 2005), wherein a driver unintentionally steers the vehicle off of
the roadway. Under ideal circumstances, a ROR scenario is a non-event as the driver can
simply steer the vehicle back onto the roadway and continue along their desired route.
However, millions of miles of U.S. roads (primarily rural highways) have a soft shoulder
(little-to-no concrete or asphalt adjacent to the paved roadway) and often include a
sizable drop-off at the edge of the pavement. The height difference between the surfaces,
coupled with a change in surface friction between the road and shoulder, makes it
difficult for drivers to safely steer the vehicle back onto the roadway.
During more severe ROR scenarios, a number of dangerous outcomes are
possible, especially with drivers who are inexperienced with ROR situations. The most
common reaction is to use large steering inputs to overcome the change in height and
reduction of available cornering stiffness (Singh, 2005). However, the large steering
input becomes excessive once the vehicle has returned to the roadway, leading to
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dangerous vehicle yaw rates (rotation velocity), lateral displacements (sideways motion),
and/or roll rates (vehicle leaning velocity). When large steering inputs are used, the
vehicle is much more likely to be steered into the opposing lane of traffic, loose vehicle
stability and spin out, or roll over. Using small amounts of steering to recovery the
vehicle also poses a safety hazard. The vehicle will not return to the roadway very
quickly, leading to the possibility of the vehicle colliding with static objects on the side of
the road. Additionally, the tires may rub against the pavements edge inhibiting the
vehicle’s recovery back onto the roadway.
Beyond the dangers of improper vehicle steering, misuse of the vehicle’s braking
system may increase the chances of a crash during a run-off-the-road (ROR) recovery.
Under ROR conditions, large pedal forces and/or rapid braking inputs could limit the
lateral traction (or turning ability) of one or more tires, most notably with vehicles not
equipped with an anti-lock braking system (ABS). In other words, if the driver were to
panic and fully apply the brakes, then the wheels would likely lock up (stop rotating) and
could cause the vehicle to loose any ability to turn using the steering wheel. In the worst
case, the vehicle could become unstable and spin out.
A primary cause for ROR related crashes is driver error due to the required
steering and braking. As such, the best way to reduce driver error is to remove the driver
from the recovery process altogether.

This is possible with the increased use of

electronic ‘by-wire’ automobile systems.

Throttle, brake, and steering may be

accomplished using full electronic systems (rather than electronic assist), and therefore
may be autonomously controlled. The use of currently available sensors and actuators
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permits a ROR recovery by creating a controller(s) that commands the various vehicle
subsystems (throttle, brake, steering).
Transportation safety is a major concern in the United States where the operation
of personal vehicles constitutes a significant portion of the overall modes of travel.
Vehicles and roadways have become safer as more and more research is targeted at
improving crashworthiness and reducing the likelihood for crashes to occur. However,
not all causes of vehicle crashes have been equally addressed, leading to the mitigation of
overall driver safety improvement. The following chapter (Chapter 2) provides previous
research and literature that pertains to the three primary topics of this dissertation: driver
education and training, automotive safety systems, and driver performance classification.
Chapter 3 presents a driver training program that has been tailored to novice drivers. The
program was designed as a national model targeted at younger drivers, which constitute
the most over-represented group in crash statistics. One element of the safe driving
program was a simulated tailgating model, which included a custom training apparatus.
Presented in Chapter 4 are descriptions of the tailgating apparatus and accompanying
curriculum, as well as a case study and conclusions.
Chapter 5 contains the development of an analytical process for classifying
drivers using in-vehicle data collected during real-world driving. In addition to driver
development, the human-vehicle interface was explored in conjunction with vehicle
safety systems. Two obstacle warning systems, a three channel and a customizable
haptic system, are presented in Chapter 6. These systems were developed using a highfidelity driving simulator with the purpose of showing improved obstacle avoidance
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maneuvering in human-subject testing. Chapter 7 includes the development and testing
of two autonomous steering and brake controllers to perform a ROR recovery. The
proposed controllers were simulated under a variety of roadway and vehicle conditions,
and were compared to a driver model to show the overall performance improvement.
Conclusions and recommendations are included in Chapter 8, followed by the appendices
and list of references.
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CHAPTER TWO
LITERATURE REVIEW
Extensive global research has been performed to improve the quality of the
driving experience in ground transportation vehicles.

Since the invention of the

automobile, original equipment manufacturers (OEMs) have developed new products and
technologies aimed to appeal to consumers and sell the latest version of their vehicles.
Dating back to the late 1950’s in the United States, vehicle safety has received
heightened attention thanks in large part to Ralph Nader and William Haddon (Gladwell,
2001). Spanning several decades, Nader and Haddon were instrumental in making a
number of safety improvements mandatory (in the U.S.) for new vehicles including
padded dash boards, collapsible steering columns, tempered glass windshields, and
airbags. However, despite these improvements, the United States moved from 1st (mid
1950’s) to 11th (late 1970’s) in terms of overall road safety in the world as noted by
Gladwell (2001). Williams and Haworth (2007) attribute some of this decline to a lack of
an automotive safety culture in the United States. Other explanations may be found in
the analysis of traffic crashes. In the book “Traffic Safety” (Leonard Evans, 2004), a
detailed statistical analysis of traffic crashes in the United States has been performed.
Evans attempted to isolate factors associated with crashes such as time of day, roadway
conditions, vehicle types, and driver demographics (e.g., sex, age, experience, etc.). In
addition, occupant safety related to seat belt use and airbags plus the general safety
culture in the United States was analyzed and discussed.
has shown to be a complicated issue with no simple solution.
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Unfortunately, traffic safety

Due to the increased awareness of passenger transportation safety, driver
education efforts have begun to receive greater attention from researchers and
government agencies as observed by the increased number of research publications since
the 1990’s.

These activities have focused on everything from appropriate program

content to program effectiveness including the net safety gain, or reduction (i.e.
increased/decreased traffic crashes and violations), experienced by the students. All of
these efforts have lead to the improvement of vehicle safety, driver safety, and increased
mobility for all travelers; however, an examination of the research has shown that there is
significant room for improvement.

This chapter will examine previous research

conducted pertaining to driver education and training, automotive safety systems, and
driver classification.

2.1 Driver Education and Training
Historically, driver education was perceived to be the best method to teach basic
driving skills to novice drivers (Warner, 1972). In the United States, driver education has
traditionally been administered through the public school system and taught by
instructors of varying qualifications.

These programs were designed to teach basic

driving skills and knowledge associated with passing the state-regulated driver’s
examinations (written and behind-the-wheel). The minimum age at which a person may
obtain their drivers license in the United States may be determined by each state and
varies from fourteen years and three months old in South Dakota to seventeen years old
in New Jersey (Insurance Institute for Highway Safety, 2009). In contrast, the minimum
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age of licensure in the European Union is seventeen for the United Kingdom, Germany,
Iceland, Ireland and Hungary, and eighteen years old for the rest of the European Union
countries (Council of Ministers, 1991). The greater availability of public transportation
systems, as well as the higher cost of vehicle ownership allows countries in Europe to
have higher age restrictions on driver’s licenses. Additionally, teens may obtain licenses
to drive mopeds at a younger age (fourteen years old) to offset the higher driver’s license
restriction. In Australia, laws vary by region but typically teens may obtain a learner’s
permit at approximately sixteen years old but must wait until they are seventeen to
receive a restricted license (Australian Department of Immigration and Citizenship,
2010).
Typically, aspiring drivers in the United States may begin introductory driver
education six months before reaching the minimum age of licensure resulting in beginner
driver education taught in high schools to young adolescents. Ferguson and Williams
(1996) noted that states were allowed to choose their own requirements for driver
education; however, thirty hours of classroom time and six hours of behind-the-wheel
time were standard practice before young adults (typically under twenty-one years old)
were eligible for licensure. Classroom time was typically far greater than behind-thewheel time due to higher costs and less throughput associated with in-vehicle training.
There was also the assumption that students were practicing driving skills with their
parents/guardians outside of formal instruction. Little research has been conducted on
parental involvement of teen drivers until more recently, but current estimates for the
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total amount of supervised teen driving in the United States receives ranges from forty to
seventy-five hours (Simons-Morton and Ouimet, 2006).
By the mid-1990’s, state requirements for obtaining a driver’s license had been
reduced.

A study performed by Williams et al. (1996) examined the various

requirements for licensure in all fifty states and the District of Columbia. By that time,
only twenty-six states required the completion of some form of driver education before
licensure. States without a driver education requirement continued to provide programs
through the public school system. More recently, many states have removed mandatory
driver education for young drivers. States that have eliminated these local and/or state
government-funded drivers’ education programs rely more heavily on parental
involvement and graduated drivers license (GDL) programs for driver development.
Further, they use driving examinations for driver competency testing (Senserrick, 2007).
As of 2005, all fifty states and the District of Columbia have implemented some
form of a GDL program (Williams and Mayhew, 2008).

GDL programs focus on

restricting young drivers (under 21 years of age) from certain high-risk situations for a
specified amount of time, providing young drivers with real world driving experience,
and allowing them to practice under safer conditions.

For instance, GDL-imposed

driving restrictions include nighttime driving, driving with multiple passengers, driving
under the influence at any level, and driving large vehicles. Over time, and assuming
violation free status, the GDL restrictions are reduced and/or eliminated. As stated
previously, the GDL programs rely heavily on parents for compliance and enforcement,
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thus parents have substantial opportunity to impact safe teen driving from the beginning
of their child’s driving career (Hartos et al., 2004).
With the reduction of mandatory driver education programs and emerging GDL
programs, parental involvement in novice driver training has received increased attention
from researchers. Simons-Morton and Ouimet (2006) published a literature review of
parental involvement in young novice driver training. Fifteen different studies were
highlighted evaluating the effects of parental restrictions on young drivers and programs
aimed at increasing parental management and supervision of young drivers. Several
trends were identified. First, parental involvement may be beneficial in the development
of novice teen drivers; however, it is difficult to increase the amount of parental
involvement. Second, print-based interventions showed no effect in increasing parental
involvement. Third, parents imposed the greatest limits on teen driving immediately
following licensure; however a sharp decrease in the limits occurred in the twelve months
after obtaining a driver’s license. What limits were imposed by parents typically related
to trip conditions rather than risk conditions. Trip conditions involve permission to drive
where-as risk conditions involve potentially dangerous situations such as weather, timeof-day, and passengers. Finally, the authors stated that a combination of self-imposed
parental involvement and parental enforcement of GDL laws may provide greater
effectiveness for improved safety.
Driver training programs continue to exist in many forms without much
standardization. These courses are designed to increase driver safety, increase driver
skill, or a combination of the two. Past and present research has shown that programs
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attempting to increase driver safety by means of increasing driver skill levels are at best
ineffective while possibly increasing the student’s crash risk (Senserrick, 2007).
Overconfidence associated with having taken an advanced driving skills course is the
primary factor attributed to the increased crash risk. Despite this, an increased demand
for programs offering specialized instruction and improved driving skills training exists.
This has led the European Commission to develop and evaluate in-vehicle driver training
courses and the U.S. National Highway Traffic Safety Administration (NHTSA) to
publish, “Feasibility Study on Evaluating Driver Education Curriculum” (Williams et al.,
2009).
A synopsis of the European Commission’s findings was published as the
“SUmmary and publication of best Practices in Road safety in the Eu MEmber states
(SUPREME, 2007). In the document, several different driver training programs were
analyzed including pre-license and post-license training. In general, formal pre-license
driving schools were found to have a limited safety benefit while advanced post-license
skills training tended to have a negative safety impact. Recommended policies included,
but were not limited to: (1) using qualified driving instructors for coaching not simply
instructing, (2) increase the amount of pre-license accompanied driving to at least 50
hours or as much as 120 hours, (3) limit advanced driver training programs to drivers
with a large amount of solo driving experience only, and (4) impose restrictions on young
drivers immediately following licensure.
The findings of the SUPREME report were similar to other conducted studies
including the DeKalb County (Georgia, U.S.) driver education study (Stock et al., 1983).

17

The DeKalb study, which is the largest driver training effectiveness study conducted to
date divided 16,000 participants into control and treatment groups. Several evaluations
of the original dataset have been conducted since the completion of the study in the early
1980’s, most notably by Lund et al. (1986), Smith and Blatt (1987), de Wolf and Smith
(1988), and David (1990). In each paper, similar results were found which concluded
that formal driver education was not associated with any reduction of crash involvement
by young drivers within two years of training. It should be noted that the participants in
the Dekalb study were self-selected as they decided when to obtain a drivers license.
Numerous other studies have been conducted to determine the true effect of driver
training and education programs on driver safety (refer to Table 2.1). Nearly every study
has shown no net positive effect, but rather a negative effect in crash rates for students
having taken a formal driver education program. Jones and McCormac (1989) examined
crash rates in Oregon for trained and untrained drivers. No significant difference was
found within one year after licensure. Similarly, Gregersen (1994) evaluated a Swedish
driver training program and found that crash rates were higher for trained drivers in the
first year post-licensure but were reduced in the second year. The net effect of the
program after two years was negligible. Mayhew et al. (1998) notes that several similar
studies reached the same conclusion. One study, conducted in Denmark by Carstensen
(1994), analyzed a newly adopted mandatory driver education program for young drivers,
which yielded a positive effect in crash rates. However, the study was completed under
less than ideal conditions utilizing a quasi-experimental setup, which examined before
and after groups. Regardless of the experimental setup, the Carstensen study has held up
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and remains the best evidence of a positive effect on novice driver safety by driver
training programs. A follow up study (Carstensen, 2002) used a different subject group
and longer driving history to confirm the earlier results of the Denmark training program.
Table 2.1: Summary of previous driver education effectiveness studies
Study
Location
Training Type
Results
Stock et al., 1983
Smith and Blatt, 1987
De Wolf and Smith, 1988
Lund et al., 1986
David, 1990

Dekalb
County,
Georgia

Jones and McCormac, 1989

Oregon

Gregersen, 1994

Sweden

Treatment (0 hours),
basic training (20
hours), & involved
training(72 hours)
compared
High school driver’s
ed.
Advanced training
program

•
•
•
•
•

Carstensen, 1994
Carstensen, 2002

Denmark

Mandatory: initial
driver training

•
•

Potvin, et al., 1988

Quebec,
Canada

Mandatory: newly
adopted law

Winkelbauer et al., 2003
Bartl and Esberger, 2005

Austria

Early licensure
training (17 y/o
instead of 18 y/o)

•
•
•
•

Hatakka et al., 2003

Finland

Peräaho et al., 2003

Luxembourg

Mandatory
secondary training
program
Mandatory
secondary training
program

Nägele and Vissers, 2003

The
Netherlands

Mandatory multitiered training
program

Nyberg et al., 2005

Sweden

Mandatory skid
training for novice
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•
•
•

•

Within 2 years of training
Negative effect on crash rates
No effect on violation rates
Within 1 year of training
No effect on crash rates
Within 1 year of licensure
Negative effect on crash rates
1-2 years after licensure
Positive effect on crash rates
Using a quasi-experiment
(no control group)
Positive effect on crash rates
Follow-up study (2002)
confirmed small positive
effect
Within 1 year of training
No effect on crash rates
No effect on injuries/fatalities
No effect on violations
Small positive effect on crash
rate (Winkelbauer)
Small negative effect on crash
rates (Bartl and Esberger)
2-4 years after training
Positive effect on crash risk
Long Term
Small Positive effect on crash
risk
Within 2 years of training
No effect on crash rates

Using a quasi-experiment
Positive effect on driver
attitudes
• Positive effect on driver
behavior
• No effect shown on crash risk
Within 4 months after training
• Increased knowledge,
•

drivers
•

attitudes and intentions
towards safe behavior
No effect shown on crash risk

A NHTSA report (Williams et al., 2009) included similar suggestions as the
SUPREME report; however, the it did not include any additional evaluations of driver
education programs. It offered an extensive review of previous studies from not only the
U.S., but from around the world. In addition, a discussion of the feasibility of evaluating
the driver education curriculum developed by the American Driver and Traffic Safety
Education Association (ADTSEA) is included. The ADTSEA curriculum described by
Williams et al. (2009) is used by many U.S. school districts as the formal driver
education program offered in public schools. The feasibility discussion determined that a
full randomly assigned study (similar to the DeKalb project) would be prohibitive due to
cost, necessary group size, and difficulty of obtaining participating schools and students.
Many newly developed driver training programs have adopted alternative training
tools such as computer software and driving simulators for delivery and assessment of
training content. A computer-based training program, DriveSmart, was developed by
Regan et al. (2000) to improve novice driver perceptual and cognitive driving skills.
The training consisted of research-based instructional programming, which focused on:
insight, optimism, commentary driving, prediction, and situational awareness.

To

evaluate the effectiveness of the training, an advanced driving simulator was utilized.
Two test groups totaling 103 eighteen-year-old drivers participated in the study. Fiftytwo subjects were in the treatment group, which received five sessions of the
“DriveSmart” training, while 51 subjects resided in the control group. The control group
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received five sessions of training using a commercially available flight simulator
program. The researchers concluded that the developed computer-based training was
effective since the “treatment subjects” showed improved risk perception. In addition, no
difference in driving confidence was present between the treatment and control groups
eliminating any overconfidence associated with improved driving ability. The training
proved to be successful at transferring skills necessary for situations similar to those
encountered in the training (near skill transfer) as well as hazardous situations not
encountered in the training (far skills transfer). Additional testing was performed four
weeks after the training to identify the training longevity. Similar results were found in
the post-training assessment showing a strong training effect one month post-training.
Norfleet et al. (2009) examined and identified the key components of several
different driving simulator configurations for their use as a driver training tool. A followup study was performed which examined the feasibility of applying driving simulators as
a training device (Norfleet et al., 2011). Two training modules, “Following Etiquette”
and “Situational Awareness”, were created to reinforce practical driving methods. A case
study was performed using thirteen human test subjects and a commercially available
driving simulator (DriveSafety). Results for each training module were positive with
over 50% of the participants improving their driving performance after completing the
training. The study concluded that the use of driving simulators in a driver training
program was possible and allowed for objective student assessment and repeatable
content delivery. A number of other studies have been conducted using computers and
driving simulators as training and assessment tools including: Kaptein et al. (1996),

21

Willis (1998), Regan et al. (1998), Fisher et al. (2002), Lee et al. (2003), Allen et al.
(2003), and Fisher et al. (2004).
New research on driver training has focused on motivation, or insight training,
where a driver’s knowledge of their limitations and behaviors allow them to tune their
driving style to the given scenario (MacNeil, 2007). Skills training programs have been
shown to cause increased driver confidence, specifically confidence in the ability to
handle any outcomes that arise from adverse driving situations. In contrast, insight
training imparts drivers with a greater appreciation for their personal skill sets or lack
thereof. For young drivers especially, this self-awareness is underdeveloped and should
be incorporated into any driver education program. MacNeil states, “Rather than driver
education/training, a better description of the required approach is ‘driver development’”.
This description is most applicable to training programs aimed at improved driver safety
rather than preparation for a licensing exam.
Large improvements have been made since the early days of driver training with
different driver education programs developed and implemented in numerous countries.
Although studies have been conducted evaluating the safety implications of these training
programs, little research has focused on the development of the training courses. The
question as to what skills and knowledge should be taught, how best to teach those skills
and knowledge, and how much practice is necessary in driver education has yet to be
definitively answered. A successful training program will have to be developed using a
research-based approach with emphasis on content, teaching methods, and student
assessment (both short-term and long-term). In the development of a successful driver
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training program, conclusions from previous research and best practices should be
incorporated as well as inclusion of new (or new to the field) technologies. Despite the
difficulties (cost, time, etc.) associated with properly analyzing and assessing driver
training programs, an effective training program must be developed to ultimately increase
driver and occupant safety.

2.2 Automotive Safety Systems
The emergence of cost effective electronics and actuators within the
transportation industry has lead to a significant increase of available on-board
technologies. Considerable research has been conducted using new technologies for use
in personal and commercial vehicles. This technology has been used for entertainment,
navigation, and vehicle status information leading to an improved driving experience. A
secondary result includes the opportunity to increase safety levels for all road users due to
the presence of additional information to the driver.

New safety systems may be

integrated into passenger vehicles starting as optional equipment before becoming
standard.

Individual OEM’s have allocated resources, in conjunction with research

institutions, towards the development and integration of such safety systems.

This

section will highlight the contributions towards vehicle safety systems, primarily those
designed to provide additional information to drivers, while identifying opportunities for
further safety improvement.
Historically, passenger vehicles were primarily mechanical machines designed to
provide transportation from point ‘A’ to point ‘B’. Until the 1920’s, vehicle safety was
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merely an after-thought in vehicle design, construction, and legislation (Warner, 1972).
In the 1980’s, vehicles started to include electronics to aid in their performance, most
notably by the use of electronic fuel injection (Ito et al., 1980). Introduction of electronic
diagnostic systems such as OBD-I and OBD-II allowed for improved problem solving of
broken vehicles; however, airbags were the first widespread use of an electronic system
to directly improve occupant safety. A patent was granted to Per Olaf Weman (1975)
describing the design of a motor vehicle with multiple inflatable air bags for passenger
protection. The patent specifies using compressed air to inflate the air bags in the event of
a crash by use of on-board sensors and valves. Airbags were first installed in vehicles in
the mid-1980’s becoming readily available by 1990 (Peterson and Hoffer, 1996) and
mandatory for all new vehicles sold in the U.S. beginning with model year 1998 (Certo,
1994).
Around the same time airbags were introduced in automobiles, another electronic
safety system was developed for use in passenger vehicles, anti-lock brakes (ABS). As
early as 1970, an ABS system was described for wheeled vehicles (Sharp, 1972), but it
wasn’t until much later when electronics were more readily available that ABS systems
were discussed for automobiles. A patent filed by Kade et al. (1987) described using onboard sensors to determine the maximum braking effort possible without inducing wheel
lock under braking conditions. The on-board sensors were shown to communicate with
an electronic controller, which in turn applied hydraulic pressure to the brake system.
Numerous improvements in anti-lock braking systems have taken place including
advanced control techniques to optimize ABS performance (Xu et al., 2009).

24

The

advancement of ABS systems has lead to the development of electronic stability control
systems (ESC) in modern vehicles. Many different variations of ESC systems exist, but
they maximize tire traction to maintain vehicle stability under various wheel-slip
conditions (Farmer, 2004).
Modern vehicles use electronics to control nearly every vehicle function from
throttle and steering (drive-by-wire and steer-by-wire systems, respectively) to vehicle
entertainment and navigation (Leen and Heffernan, 2002). One use for electronics that
has received an increased amount of study is the transmission of information to the driver
through unconventional mediums. Traditionally, passenger and commercial vehicles
have been operated by a single individual who commands the accelerator pedal, brake
pedal, transmission gear, and steering wheel to navigate the roadway in a safe manner.
Driver’s use their senses to receive feedback from the vehicle, roadway, and surrounding
environment in a limited capacity due to the human-vehicle-roadway interface. The
operator feedback channels can be broadly divided into visual, audio, and haptic. The
automotive community has primarily relied on instrument panel lamps and buzzer or
chime sounds to notify the driver of important information while the vehicle’s interaction
with the road tends to be mechanically communicated through the steering wheel “feel”
and the driver seat motion.

However, research has been conducted on providing

additional information to drivers as part of an advanced vehicle safety system (Hoshino et
al. 2002).
An early study performed by Erlichman (1992) examined using alternative
signaling presentations and symbologies to display driver information.
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Various

combinations of colors, tones, text, and voice messages were shown to thirteen
individuals who were evaluated on their ability to understand the intended message.
Subject preferences were recorded which resulted in a combination of color, audio tone,
text, and voice message as the preferred signaling presentation.

The information

represented in the signals constituted a Driver-Alert Warning System developed for the
In-Vehicle Safety Advisory and Warning System Program sponsored by the Federal
Highway Administration (Erlichman, 1992).
A study by Lloyd et al. (1998) examined the use of brake pulsation as a method to
provide haptic feedback to drivers. The warning system was designed to integrate with a
larger collision avoidance system called Intersection Collision Avoidance Using
Intelligent Vehicle Highway System Countermeasures (ICA). Issues pertaining to what,
and when, information should be presented, and the best methodologies for presenting the
information were considered.

Evaluation of the haptic feedback identified four

advantages (omni-directional or orienting stimulus, low attention or high detectability,
consistent with the driver’s naturalistic thought process, and potential for reduced rearend crashes) and three disadvantages (potential interference with driving maneuvers,
potential misperception as a mechanical failure, and inability to convey detailed
information) associated with using brake pulsation as a feedback method. Brown et al.
(2005) used similar brake pulsation as a feedback method for intersection crash
avoidance. The study experimentally determined that participants were 38 times more
likely to stop before the intersection, which significantly reduced the crash risk.
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An investigation by Gupta et al. (2001) researched the combination of visual and
auditory signals at a threshold level for adverse condition warning systems (ACWS). The
warning system alerted drivers when a vehicle skid was likely to occur. Warnings were
given at two sensitivity levels, low and high, as well as two types of auditory alarms,
binary (ON/OFF) and graded (increasing/decreasing tones). Driver performance was
evaluated using the various warning methods, while user acceptance was determined
based on the participants’ trust in the warning system. The study showed that although
the auditory cues gave an immediate response, an audio alert given prematurely led to
driver annoyance and caused the driver to ignore the alert altogether. Driver performance
was greatest under low sensitivity and graded auditory alarms. In general, as subjects
gained experience with the system, a greater level of system trust was adopted. However,
high sensitivity levels (increased system activation) caused a reduction in trust by the
users. The authors concluded that ACWS could provide a positive response in vehicle
control and safety; however, alarm configurations should be considered to maximize user
trust and system usage.
Suzuki and Jansson (2003) analyzed driver performance under lane departure
conditions. A driving simulator featured standard roadway conditions and a vehicle yaw
angle was induced causing the vehicle to deviate from the proper lane. Four warning
methods were given to the subjects - monaural and stereo beeps, steering vibration, and
pulse-like steering torque.

Unpredicted (no knowledge of warnings) and predicted

(informed of warnings) trials were used to determine the steering reaction times and
maximum vehicle lateral deviation for each warning method. The steering vibration and
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torque performed better under unpredicted conditions while the beep sounds performed
marginally better than the steering feedback under predicted conditions. There was little
difference reported between the auditory feedback methods while the steering vibration
resulted in better performance than the pulse-like torque. One unexpected outcome
identified by the authors was the occurrence of incorrect strategies when subjects were
given the pulse-like torque. The steering torque was designed to “steer” the driver in the
proper direction when deviating from the lane. However, 50% of the drivers exposed to
the steering torque initially turned the steering wheel in the opposite direction of the
applied torque, causing the vehicle to deviate further from the lane. The authors
concluded that lane-departure warning systems were effective methods of reducing both
reaction times and maximum lateral deviations. Haptic feedback was effective regardless
of prior knowledge of the feedback meaning while auditory beeps were useful when
knowledge of the adverse condition was provided prior to the event.
In the paper by Dingus et al. (1997), a human factors approach was used to
determine the effectiveness of visual and auditory headway maintenance or collision
warning systems. Real-world testing was conducted using a radar system to determine
following headway and information presentation.

Several configurations of visual

display and auditory feedback were used (e.g., dynamic car icon, multi-colored bars, and
flashing red blocks each with and without verbal warnings) as well as coupled feedback
including both visual and audio feedback. In general, the warning systems increased the
following times of the driver by as much as 0.5 seconds. The combination of appropriate
visual and auditory feedback resulted in the greatest increase in headway and was the
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easiest for subjects to perceive.

The authors found that drivers were reasonably

insensitive to false alarms; however, long-term studies would be needed to determine the
true sensitivity to false alarm rates and long-term driver behavior effects. Based on the
studies’ results, chances of front-end collisions could be reduced when using a headway
maintenance or collision warning system.
Lee et al. (2002) performed two experiments investigating the use of rear-end
collision avoidance systems (RECAS’s) to improve driver response during imminent
collision situations. The study utilized a high-fidelity driving simulator featuring 190˚
forward field of view, 60˚ rearward field of view, full vehicle cab with instrumentation,
and a six-degree-of-freedom motion platform.

One experiment focused on using a

RECAS to aid distracted drivers while the other experiment investigated the warning
systems effectiveness when drivers were not distracted. The warning systems, developed
previously by Burgett et al. (1998), were separated into two classifications, early and late
warning (based on the necessary deceleration rate for collision avoidance) with the
effectiveness of each type explored. For distracted drivers, the early warning system
provided the greatest reduction in collisions and collision velocity. The late warning
system still reduced the number of rear-end collisions by over 20% and collision velocity
by over 3m/s. The second experiment used early warning RECAS for undistracted
drivers and resulted in similar performance improvements. The authors noted improved
driving performance (fewer collisions, reduced collision velocities) likely due to driver
anticipation.
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In addition to adverse condition warning systems, researchers have worked on
appraising the effectiveness of information presented to the driver as a combination of
various feedback channels. Bliss and Acton (2001) noted that the reliability of the
alarms, or trust, would dictate the end performance over the long-term implementation of
an alert system. The same authors performed an expanded study focused on collision
warning alarms with varying reliability (Bliss and Acton, 2003). Two experiments were
conducted; one using console emitted auditory warnings while the other used spatially
generated auditory warnings. The two experiments produced similar results; namely that
the frequency of driver response is a good indicator of alarm mistrust while collision
alarms at varying reliability levels do produce a reduced number of collisions. The more
reliable alarms improved driver reactions compared to the less reliable alarms; however,
alarms with less reliance (50% reliable level) produced the fewest collisions. It was
suggested that reduced driver attention (or greater reliance) occurred with the high
reliability alarms while the low reliability alarms led to increased risk confirmation by
drivers.
Information reliability is one critical component of a vehicle safety system, since
information abundance can limit system effectiveness. Wiese and Lee (2004) studied the
possible over abundance of audio inputs in automobile passenger cabins.

Subjects

received two types of auditory alerts; incoming e-mail and collision warning. Both
urgent and non-urgent alerts were used to determine the effect of multiple auditory alerts
on driver performance and driver acceptance. The study concluded that too many signals
transmitted during high work load resulted in increased reaction times when the e-mail
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alerts preceded the collision warning by 300ms. In contrast, e-mail alerts proceeding
collision alerts by 1000ms improved driver reaction time. The authors also noted that
increasing an alert’s urgency improved driver response; however, increased alert urgency
was also associated with increased driver annoyance. Analysis of alert types and false
warning frequencies was necessary to maximize the system benefits.
Modern vehicles include numerous electronic systems with a correspondingly
increased amount of on-board electronic sensors and actuators. Extensive research has
been conducted on the effectiveness of their safety systems but not reviewed in this
survey. Other studies have focused on information presentation and possible data overabundance for the driver.

An opportunity exists to compare the various feedback

methods (auditory, visual, and haptic) as part of an advanced safety system to determine
the best method for vital information communication. In addition, threshold levels for
auditory feedback have received a great deal of attention as well as visual feedback.
However, haptic feedback has not received much attention, even though it would be a
useful part of a warning safety system.

2.3 Driver Classification
The largest attempt at driver classification (including all insured drivers) has been
undertaken by automobile insurance companies.

Such companies use personal

information to assess the perceived risk of insured drivers to calculate to insurance
premiums.

Numerous studies (Pashigian et al., 1966; Sant, 1980; Abraham, 1985;

Harrington and Doerpinghaus, 1993; Yeo et al., 2001) have analyzed how insurance
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companies determine risk; primarily focusing on the economic factors, statistical analysis
methods, and/or legislative factors. In general, the primary driving variables include
previous crashes, moving violations, and self-reported information.

Self-reported

information presents separate challenges. According to Svenston (1981), significantly
more than half of U.S. university students perceived their driving skills as above average,
while nearly 50% believed they rank in the 20th percentile. This phenomenon was not
limited to younger drivers. Studies done by Marottoli et al. (1998) and Freund et al.
(2005) found that elderly drivers also over-rated themselves as good drivers based on
their evaluated driver performance.
The lack of available information leads to limitations for the insurance industries
efforts to classify drivers. To increase analysis information, insurance companies have
begun requesting their customers to voluntarily use in-vehicle data recorders (IVDRs) to
collect actual driving data (Cooper and McClelland, 2008). This information could
establish a correlation between driving parameters and driver risk levels if significant
driving behaviors can be identified.

One insurance company used IVDRs to track

customer driving in select vehicles (MyRate, 2010).

This voluntary program was

marketed as a low cost alternative to normal automobile insurance by targeting customers
who are ‘safe drivers’, carpoolers, commuters via mass transit, low-mileage drivers,
seasonal drivers, and/or ‘eco-friendly’ drivers. The on-board data recorders wirelessly
transmit the logged information and customers can track their driving behaviors and
associated insurance renewal rates through a dedicated website. To date, no information
regarding the collected data or analysis/classification methodology has been reported.
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A variety of in-vehicle electronic devices have been developed to collect invehicle data with some providing the ability, or potential, to monitor driver behavior
(NHTSA, 2001; Correia et al., 2001). These devices record select vehicle operating
variables by accessing a vehicle’s engine control unit (ECU) via the on-board diagnostic
(OBD-II) port or controller-area network (CAN) bus (Chidester et al., 2001). Any
variable measured by vehicle sensors may be accessed via the OBD-II port and CAN bus.
The data recorder may handle real-time data analysis to provide instantaneous driver
feedback in the form of chimes, as well as off-line computer downloadable trip
summaries. In the trip summaries, preset vehicle speed or acceleration threshold limits
provide basic feedback (Davis Instruments, 2008) but do not offer significant insight into
driving behavior.
A Swedish study used instrumented vehicles to acquire driver behavior data (Ma
and Andréasson, 2007).

A custom instrumented (two front/rear light detection and

ranging [LIDAR] devices) vehicle was driven on Swedish roadways to collect data from
the driven vehicle and the surrounding vehicles. The LIDAR sensors were capable of
acquiring surrounding vehicles distance, velocity, acceleration, angle, and lateral speed
relative to the instrumented vehicle.

Kalman smoothing filters were applied to the

recorded data and information related to following behaviors for both the driven vehicle
and surrounding vehicles were found. This field data established a basis to model driver
behaviors for traffic simulations which examined car following and smart roadway
designs.

Although no driver classifications were presented, driver behaviors were

identified which could be used for driver classification.
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Rigolli et al. (2005) used simulation of traffic activity to analyze vehicle
trajectory for automatic performance assessment. The objective of the study was to
compare, using identical scenarios, human classification to analytical methods in order to
analyze drivers. The human classifiers were divided into “drivers” and “non-drivers”
with one “driver” classified as an expert in traffic simulation. Two different analytical
classifying methods adopted from other fields were utilized: Bayesian Factor Analysis
(BFA) and Neuroscale analysis. The human expert outperformed all methods; however,
the BFA technique proved to be a viable method for driver classification by equaling the
human driver group for a simple single roadway scenario and providing greater accuracy
and speed in a more complicated multi-lane scenario. The neuroscale method proved to
be ineffective for all situations. Several issues were noted for using either analytical
method: prior knowledge of the number of classifications, a lack of meaning associated to
the classifications by the BFA method, and complete data for all vehicles. For the study,
assumptions were made as to what conditions signified the ‘aggressive’, ‘safe’, and
‘cautious’ drivers, as well as full data for all vehicles provided by the simulator.
An Icelandic company has developed the “SAGA” system for in-vehicle data
collection and monitoring including deviation of vehicle speed from posted speed limits.
Upwards of 70 companies currently use the SAGA system including the Iceland Post
(mail carrier). A report commissioned by the European Conference of Ministers of
Transport entitled, “Speed Management”, compared pre and post use statistics of the
SAGA system by the Iceland Post (ECMT, 2006).

For a 6-month period, a 43%

reduction in the total number of crashes was observed with a 51% reduction in the
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number of at-fault crashes by the employees. The report did not include any information
concerning what type of data analysis was conducted, what type of feedback was given to
employees, and/or what information was provided to employees about the system.
A separate study utilizing IVDRs for speed analysis was performed by Ogle
(2005). Instrumentation was installed in 172 vehicles providing vehicle GPS coordinates
and speeds in the Atlanta, Georgia area. Data was collected and wirelessly transmitted to
a central location for analysis. In addition to vehicle data, posted speed limits were
identified and compared to actual vehicle speeds. Several metrics were used for speed
data analysis including a compliance rate developed by the author. In an effort to
determine the correlation between speeding and driving risk, self-reported driving records
were analyzed against collected driving data. Results included approximately 40% of
driving occurred above the posted speed limit with nearly 12% occurring more than 10
mph above the legal limit. Speeding behavior was greatest in young drivers as well as
early morning and weekend driving. The author notes limitations resulting from a low
number of subjects and self-reported data, which hindered conclusive results; however, a
framework for driver classification in regards to speeding was introduced. One other
limitation of the study was the necessity for vehicle GPS coordinates and complete
knowledge of legal posted speed limits.
Several studies have been conducted in Israel using IVDRs for behavior
identification and correlation to driving records. Toledo and Lotan (2005) used IVDR to
identify select driving maneuvers and classify them as safe, unsafe, or dangerous. The
IVDR system developed by DriveDiagnostics was used to collect various vehicle
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parameters and GSP coordinates. A validation study was conducted to determine the
correlation, if any, between the risk index calculated by the DriveDiagonostics system
and indicators of driver risk such as previous involvement in crashes. No feedback was
given to the participants for a period of one month. Next, feedback was provided for a
period of five months so as to determine the safety implications of providing drivers
behavior feedback. Using thirty-three (33) participants, a strong correlation was found
between the IVDR risk index and the risk of crash involvement. An initial reduction of
the average driver risk index was observed following behavior feedback. However, the
reduction was diminished within the five month time period.

No information was

presented on how the risk index was calculated, how individual driving maneuvers were
identified, and/or how maneuvers were assigned risk levels as presented in the feedback
tables.
In 2008, an IVDR study was conducted using 191 instrumented vehicles from a
single company fleet (Toledo et al., 2008). All vehicles were provided to employees for
transportation between service locations; no participants were considered professional
drivers. Similar to the study performed in 2005, the authors used the IVDR analysis to
correlate recorded driving behaviors to the risk of crash involvement.

A Poisson

regression modeled the crash risk separating “at fault” crashes from the total number of
crashes. Feedback in the form of trip summaries was provided to the drivers after a one
month time period for the remainder of the study. Analysis of driver behavior pre- and
post-feedback allowed the authors to determine the effectiveness of behavior feedback on
overall driver risk. The study concluded that IVDRs may be used to collect and analyze
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real-world driving data as they demonstrated a strong correlation to crash risk and driving
behavior feedback can be used to influence driver’s short-term behavior leading to a
lower expected crash risk.
One additional study involving the same DriveDiagonostics IVDRs was
performed by Lotan and Toledo (2007), which focused on young drivers as part of a
graduated driver’s license program.

The young drivers study involved thirty-one

subjects, twenty male and eleven female, who were developing their driving skills via
accompanied and solo driving. The IVDRs analyzed driving behaviors and allowed
comparisons between accompanied and solo driving behaviors. Significant differences
were found including the amount of driving per week, 2.02 hours/week for accompanied
versus 4.45 hours/week solo, and when the driving occurred, more night-time driving
under solo conditions. The same DriveDiagnostics classification methods as the previous
Israel studies were used while no further classification descriptions were provided.
In 2006, NHTSA published a study involving 100 instrumented vehicles driven
around the Northern Virginia/Washington D.C. areas (Dingus et al., 2006). Custom data
collection devices were used and included five cameras and extensive hardware, which
provided a number of vehicle parameters and information regarding surrounding vehicles
and lane departures. The study contained almost 2,000,000 miles (or 43,000 hours) of
driving during an eighteen month time period. Ten study goals were identified, including
identification of driver behaviors over time and developing methodologies for analyzing
collected vehicle data. Throughout the study, numerous driving ‘events’ were captured
including 82 total crashes (15 of which were police-reported). Despite being considered
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a ‘test case’ for a much larger planned study (5,000+ vehicles), the 100-car naturalistic
study was the largest such study performed. Numerous insights were gained into crash
causes while information pertaining to non-crash events was available for the first time.
Several deviations from previous crash estimates were observed such as nearly 80% of
crashes and 65% of near-crashes involved driver ‘distraction’ compared to the previously
estimated 25%. The authors concluded that wide-scale implementation of such a study
would be difficult due to the high cost associated with the vehicle instrumentation as well
as the time intensive data analysis.
In addition, the study stated that full event recognition was not possible using only
the collected objective data. Comparison of the data with the video for event verification
was required and significantly increased the data analysis process. Advances in software
capable of large-scale data reduction may allow for faster data processing and/or more
focused data analysis (such as specific event detection). The large amount of collected
video and data was archived for future analysis with the hope that the current database
would be expanded by further studies covering a larger geographical area and containing
significantly more crash and near-crash events.
The objective analysis of recorded data has shown to be possible using custom invehicle data recorders. Several studies have attempted to identify driving behaviors in an
effort to classify driver risk levels and designate a correlation between the driving data
and self-reported crash and violation events. Given these results, the objective analysis
of in-vehicle data shows the most promise for driver safety improvement, not only with
young drivers, but drivers of all ages and experiences (Lehmann, 1996). Although
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various methodologies have been developed for data analysis, either minimal information
was provided about the analysis methods or the developed methods were specific to the
data collected. An opportunity exists to generalize data analysis and provide techniques
for driver classification using a mathematical basis. In addition, using cost-effective data
collection devices that include simple installation would allow for a large-scale study to
be conducted.

2.4 Run-Off-the-Road Scenarios
Thousands of people are killed on roadways in the United States each year. One
of the leading types of fatal crashes involves a vehicle traveling off the roadway,
typically referred to as a run-off-the-road (ROR) or single vehicle road departure (SVRD)
crash. In 2003, the U.S. Department of Transportation reported that 59% of all fatal
crashes (25,231) were attributable to a ROR scenario (NHTSA, 2007). About half of the
police reported ROR crashes fall into two different categories, driving too fast in a curve,
and drifting off the roadway (Emery et al. 2005; Sayer et al., 2007). These two types of
ROR crashes present unique problems for the safe recovery of the vehicle. When driving
too fast in a curve, speed is the parameter of interest as reducing the vehicle’s velocity is
the primary way to correct for unwanted roadway positioning. If the vehicle reaches its
handling limit due to excessive speed in a corner, the vehicle will inevitably travel off the
roadway striking any object(s) that lies in its path. A drifting off the roadway (DOR)
crash presents a different scenario, as it does not necessarily include vehicle motion at, or
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exceeding, the vehicle’s performance capabilities. A DOR crash may be avoided by preevent driver warning of lane departures or performance of proper recovery techniques.
There are many causes of ROR crashes including: inattention, intoxication,
incapacitation, drowsiness, and unintended steering wheel motions (Hadden et al., 1997).
In addition, Batavia (1999) notes that increased cell phone usage while operating a
vehicle may also heavily factor into ROR crashes. By definition, all of these causes
involve driver error.

The most common solution to reduce these forms of driver error

involves roadway infrastructure modifications (Levett, 2007; Noyce et al., 2005). Many
infrastructure solutions have been proposed, each falling into one (or more) of three
objectives: keep the vehicle in the proper lane of travel, make it easier to regain control of
the vehicle if it does leave the roadway, and reduce the ROR crash severity (Bahar and
Parkhill, 2006).
The largest infrastructure solution aimed at keeping vehicles in the proper lane
includes the use of rumble strips placed just outside the edge of the lane (Wood, 1994).
When a vehicle drives over the rumble stripes, usually placed 6-15cm outside the lane
edge, a loud noise is emitted by the tires while a strong vibration is felt in the steering
wheel. The alerted driver is able to take corrective action before a full ROR situation
occurs, thus improving the likelihood of a safe vehicle recovery. While the use of rumble
stripes does not guarantee a crash will not occur, Morena (2003) found that they are an
effective method for reducing, by 39%, the number of ROR crashes.
Hamilton and Kennedy (2005) note that a majority of fatal ROR crashes occur at
or near the edge of the road, implying the crash occurs shortly after the vehicle has left
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the roadway. When the vehicle does leave the roadway, it is important for the vehicle to
recover as quickly and easily as possible. The best solution is to widen the shoulder of
the roadway, providing the driver with more room before leaving the paved surface.
Additionally, Bahar et al. (2003) stated that improving the surface of the shoulder (harder
packed gravel, less elevation change, etc.) will aid in the recovery of the vehicle during a
ROR situation. One of the underlying issues associated with difficult ROR recoveries are
large differences in the surface friction between the roadway and shoulder.
The final objective of infrastructure improvements is to reduce the severity of a
ROR crash. Depending on the location and terrain of the area surrounding the roadway,
this can be difficult to achieve. Trees, mountains, bodies of water, and other static
objects present hazards that may be very costly or impossible to remove. Guardrails and
tension cables may be installed to keep the vehicle from colliding with more harmful
objects (Marzougui et al., 2007).

Additionally, the removal of non-necessary objects

such as trees from the immediate roadway edge helps to reduce the collision
potential/severity of a ROR event. However, not all roadways have been (or are capable
of being) retrofitted with these, or other, improvements (Neuman et al., 2003). For
example, many miles of road do not have the necessary available space, while others are
prohibitively expensive to upgrade.
Increased engineering attention has been given to the development of vehicle
safety systems targeting ROR events. Active braking or steering systems, similar to
electronic stability control systems, can aid drivers during ROR scenarios. The most
prevalent of such systems are lane-departure warning systems (LDWS). Pape et al.
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(1999) examined the effectiveness of using a vehicle safety system to detect and prevent
lane-departure situations.

Based on extensive testing and numerical modeling, the

positive system performance was reported through the use of improved driver models.
Heavy trucks presented a unique challenge for ROR recovery due to their increased
instability during recovery maneuvers and frequent tendencies to wonder outside the lane
under normal driving.
A study performed by Deram (2004) explored the viability of using vehicle
variables to detect driver inattention and integration into a LDWS.

The results

demonstrated the validity of using an adaptive LDWS, as 70% of redundant lane
departure warnings were suppressed using their technique. Pohl et al. (2007) utilized a
video-based surveillance system to assist distracted drivers. Initial results from on-road
testing demonstrated the system’s success at intervening only during a lane-departure
situation.

Overall, these systems are designed to incorporate driver intentions and

intervene only during lane-departure situations.
In contrast, a lane-keeping system is designed to provide continuous intervention,
or assistance, to drivers during vehicle operation. Rossetter et al. (2003) developed a
lane-keeping controller to aid drivers in maintaining lane-centered positioning at all
times. The controller system was applied to a steer-by-wire equipped vehicle. Such a
system is easier to implement and execute than the previously discussed systems (Deram,
2004; Pohl et al., 2007), as there is no need for a driver model, or knowledge of driver
intent.

Utilizing precise GPS information to continuously determine the vehicle’s

position, the necessary steer angle could be commanded based on a mathematical model
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of the vehicle dynamics and the driver steering input. Follow-up work by Rossetter and
Gerdes (2006) demonstrated the stability and performance guarantees of the lane-keeping
controller using a Lyapunov function.
Black (2008) used a two-degree-of-freedom vehicle chassis model developed by
Yih and Gerdes (2005) to formulate the vehicle dynamics during a ROR situation. The
study included the creation of an active steering controller to aid the driver in the
recovery of a ROR event. Successful results were demonstrated as the vehicle yaw angle
was decreased by 30%, and the reaction window in which the driver could perform the
recovery was increased by 75%. This steering controller presented some limitations as
constant vehicle speed and steering input were assumed.
One of the primary drawbacks of driver aid systems is that they depend, at least
partially, on correct (or near correct) driver behaviors. This limits their effectiveness as
improper driver inputs have been identified as the cause of many ROR crashes (Singh,
2005). With the increase in vehicle technology (primarily electronic ‘by-wire’ systems),
there exists an opportunity to create a controller that is capable of performing an
autonomous ROR recovery using combined steering and braking. By removing the
driver from the recovery process, the primary cause of error in ROR crashes may be
removed, resulting in increased occupant safety.
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CHAPTER THREE
A NOVICE DRIVER TRAINING PROGRAM FOR IMPROVED DRIVER SAFETY
Driver training is a necessary and important aspect of vehicle operation and
general mobility. During 2002 in the United States, approximately 3.5 million 16 and 17
year olds received their driver’s licenses with roughly half required to have taken some
form of driver training (Hubler, 2004). Before beginner drivers are eligible for licensure,
generally thirty classroom hours and six behind-the-wheel hours are required; however,
these requirements vary state-by-state (Bishop et al., 2005). More recently, the new
ADTSEA driver education program suggests forty-five hours of classroom training and
eight hours of behind-the-wheel instruction.

Besides traditional driver education

provided through the public school system, development of supplemental training
programs which range from brief internet courses to intensive multi-day in-vehicle
programs have provided greater learning opportunities to novice drivers (Mayhew, 2007).
This chapter discusses the development of a national safe driving program, which
includes classroom and behind-the-wheel curriculum. Teen drivers were targeted as the
primary audience as they represent the majority of driver training participants and are
overrepresented in highway collisions. For young or inexperienced drivers (such as
teens), content related to visual searching, attention errors, and overall vehicle speed
should be included (McKnight, 2006). Section 3.1 discusses the PETTY Safe Driving
Program (PETTY SDP) paradigm including the developed modules. Included in Section
3.2 is a case study of the pilot program. Finally conclusions for the developed program
are provided in Section 3.3.
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3.1 PETTY Safe Driving Program
Effective delivery is critical for a program to be successful, while efficient use of
time and space is equally important. The developed PETTY Safe Driving Program
(PETTY SDP) totals six (6) hours and consists of a 30 minute opening, four (4) 75
minute long modules, and a 30 minute conclusion. Equal time is given to classroom and
behind-the-wheel curriculum with the presented materials reinforcing each other. The
50/50 ratio of classroom and behind-the-wheel time departs from a typical driver
education course; however, the PETTY SDP was designed to provide supplemental
instruction or practice rather than fundamental instruction. The classroom time is used to
emphasize important knowledge and behaviors for safe driving while the behind-thewheel instruction allowed students to develop skills. Further, evaluation of the program
was performed using pre- and post-tests of knowledge and attitude, objective rater sheets
were used regarding the skill and experiential aspects, and a satisfaction survey was
giving to both students and parents.
A brief introduction to the curriculum was used to orientate the students to the
course objectives and the behind-the-wheel maneuvers. Course objectives were divided
into four categories including: knowledge, skill, attitudinal, and experiential. Knowledge
objectives focused on the students’ understanding of the material covered in each
module. Skill objectives were derived from the knowledge objectives so that the student
was required to show the ability to apply the knowledge they had learned. The attitudinal
objectives were used to ascertain the likelihood of the student to use the knowledge and
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skills they developed, and the experiential objectives defined what the course provided to
the student in the form of unique, and practical driving events.
Each of the four modules were broken into an introduction and demonstration,
driving portion, classroom portion, and conclusion (refer to Figure 3.1). During the
behind-the-wheel portion, students practice skills with in-vehicle instructors who provide
one-on-one instruction to each student. In order to promote previously established best
practices (SUPREME, 2007; Williams et al., 2009), instructors act as coaches, providing
verbal feedback and corrections throughout the training rather than basic instructions.
The skills training and classroom curriculum re-enforce each other without being
dependent on one another. A single classroom instructor is used to focus discussions and
introduce driving strategies and methodologies normally undertaken by more experienced
drivers.

Figure 3.1: Suggested timing for the safe driving program
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All instructors (classroom and in-vehicle) had completed a training course directly
related to novice driver training. The instructor training program included an overview of
all PETTY SDP materials, methodologies for educating teenagers, and step-by-step
discussion of each driving module. Classroom instructors reviewed each module
including the scripted material they were to present. In-vehicle instructors were provided
with vehicles and a mock-up of the training courses for simulation of the driving
modules. Each module was run through while trainees expressed any uncertainty in
maneuvers or evaluation criteria.
In order to provide a safe and controlled environment for the driving portions of
the program, a closed course of at least 2500ft by 2500ft is suggested. Ideally the
location is relatively flat without any obstacles such as concrete barriers or light poles
present.

Typically large open parking lots work well.

Proper safety precautions

including safety gear for workers and adequate room for all maneuvers should be
observed at all times.
Modules
Four modules were developed for the safe driving program including: Braking
Module, Reaction Time / Obstacle Avoidance Module, Loss of Control Module, and
Tailgating Module. Each module was designed as a 75 minute stand-alone course with a
10 minute introduction and demonstration, 30 minutes of behind-the-wheel activities, 30
minutes of classroom material, and a 5 minute conclusion.
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Braking Module: The primary driving skill for safe driving is the use of proper
braking techniques.

The inclusion of anti-lock braking systems (ABS) in modern

vehicles has reduced the difficulty associated with repeatable, maximum (emergency)
stopping; however, not all vehicles (including brand new vehicles) are equipped with
ABS. Additionally, anti-lock braking systems do not stop a vehicle in as short a distance
as possible (Alleyne, 1997).

These conditions, coupled with the reduced braking

experience found in novice drivers, have lead to the inclusion of a Braking Module in the
PETTY SDP. Eighteen different objectives were identified. The Braking Module was
included as it addresses several key crash causes including: driving too fast for
conditions, following too closely, aggressive operation of a vehicle, and exceeded
authorized speed limit.
The purpose of this module is to help young drivers understand the factors that
affect braking performance and provide experience and skill development in maximum
braking. In addition, this module should help young drivers to better understand the
limitations of their vehicle’s brakes and motivate them to avoid situations in which they
are unable to stop their vehicle in time to avoid a crash. Both ABS and non-ABS
equipped vehicles are utilized in wet and dry pavement conditions. A diagram of the
module layout is shown in Figure 3.2. Students begin the module by accelerating to a
constant speed. At a set point on the track, a stop light is triggered by the vehicle wherein
the student is to bring the vehicle to a sudden and complete stop using the vehicle’s
maximum stopping ability.
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Figure 3.2: Suggested driving module layout for Braking Module
Classroom instruction includes exercises focused on safe driving judgment and
decision-making and an overview of vehicle maintenance as a safe driving strategy.
Three role-play situations are used to teach awareness of risky driving situations and
promote driving strategies for anticipating hazards. Vehicle maintenance as a safe driving
strategy is reinforced through presentation displays about vehicle fluids and brake pad
wear along with demonstrations on how to check tire pressure and tire tread depth.
Reaction Time / Obstacle Avoidance Module: The ability to react quickly in an
emergency driving situation can often mean the difference between a near miss or a crash
and sometimes even life and death. Personal perception or reaction time, can be defined
as the time it takes a person to visually recognize a stimulus and respond properly (i.e.,
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see the red light, pull foot off gas pedal, and push the brake pedal). During an obstacle
avoidance situation, reaction time and situation awareness (the ability to perceive and
think ahead) are the most critical elements for safe maneuvering.

Young drivers

however, are generally overconfident about their ability to perceive and react in
emergencies limiting their ability to avoid crashes and creating avoidable hazardous
situations. Sixteen different objectives were identified. The Reaction Time / Obstacle
Avoidance was included as it addresses several key crash causes including: driving too
fast for conditions, distraction / inattention, overcorrecting / oversteering, and swerving to
avoid object.
The driving portion of the Reaction Time / Obstacle Avoidance Module utilized a
similar layout (refer to Figure 3.3) to the Braking Module.

Wet and dry roadway

conditions are used for practicing vehicle maneuvering and braking for the purpose of
Reaction Time / Obstacle Avoidance Module. Three (3) lanes are simulated using traffic
cones with the student beginning the module in the center lane. The student is then asked
to bring the vehicle to a constant speed until a traffic light above each lane illuminates at
a pre-defined location. The signal light is used to convey the safety level of each lane
with green/unlit signifying safe and red identifying potential danger. As quickly as
possible, the student was asked to maneuver the vehicle into the correct (safe) lane while
either maintaining the vehicle’s speed, or bringing the vehicle to a complete stop.
Exploration of each driver’s personal reaction and decision-making skills allows for
students to better understand the limitations of the vehicle and their own driving abilities.
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Figure 3.3: Diagram of suggested cone and roadway for Reaction Time / Obstacle
Avoidance Module
For the classroom portion, students apply a four component safe driving strategy scan, anticipate, decide, move-countermove - to several case studies. These case studies
use typical traffic conditions and driver behaviors to start discussions about the
importance of reaction time and situation awareness and how to avoid becoming
overconfident. The importance for all vehicle occupants to use seat belts correctly is also
covered.
Loss of Control Module: Most young drivers have little-to-no experience with
situations in which their vehicle is near to, or beyond, the limit of traction. Any prior
experiences typically become distorted in their memory due to the stress and distractions
of the situation. It is important to improve participants' skills, including recognition of
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loss of traction and use of countermeasures for loss of control in cornering and braking
situations. Seventeen different objectives were identified. The Loss of Control Module
was included as it addresses several key crash causes including: failure to keep in proper
lane, driving too fast for conditions, inattentive driving, overcorrecting, and improper
turn.
This module has been designed to improve participants' chances of avoiding loss
of control situations by providing anticipatory driving strategies such as recognizing
advisory curve speed (ACS) signs, scanning farther down the road for obstructions and
blind curves, and looking in the direction you want to travel. The module includes both a
circular skid pad and simulated roadway environment as shown in Figure 3.4. During the
skid pad exercise, students experience both front and rear-wheel skids. The roadway
portion includes three turns (two right-hand, one left-hand) of various radii and traction
levels. Several runs performed at different speeds are suggested, providing the student
with the greatest number of different simulated scenarios.
In addition to the driving instruction, classroom activities include the hands-on
demonstration of how to jump-start a vehicle with a dead battery and a discussion about
supplies needed in a vehicle emergency kit. A review of vehicle maintenance tasks and
safe driving strategies is conducted in a game format. These activities are all used to
reinforce situational awareness in the driving task and underscore drivers' responsibilities.
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Figure 3.4: Example of possible Loss of Control Module layout as viewed from above
Tailgating Module: The Tailgating Module was designed to complement the
Braking Module, as tailgating may lead to necessary emergency braking and is one of the
most common driving mistakes made by novice drivers. Additionally, tailgating is a
common situation where drivers typically experience no repercussions from dangerous
behavior.

The lack of consequences can very easily create overconfidence and

inattention, especially in young drivers. Furthermore, since young drivers typically have
little experience with the cost of crashes (medical bills, repair costs, tickets, fines,
increased insurance rates, etc.), they tend to underestimate the cost of even a minor crash.
Twelve different objectives were identified. The Tailgating Module was included as it
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addresses several key crash causes including: driving too fast for conditions, distraction /
inattention, inattentive driving, and following improperly.
A custom training tool was developed in conjunction with the driving curriculum
in order to better simulate a tailgating scenario (Jensen et al., 2010). During the driving
portion, two (2) student driven vehicles followed the tailgating apparatus at various
distances while maintaining a constant speed (refer to Figure 3.5). The driver of the lead
vehicle (to which the apparatus is attached), performed sudden emergency braking
maneuvers triggering the students to react and attempt to bring their vehicle to a stop
prior to colliding with the apparatus. In the event of a collision, the apparatus has been
designed to absorb low speed impacts without causing damage to either vehicle or the
apparatus itself. By allowing collisions, students are able to experience the consequence
of poor following techniques without personal injury or vehicle damage. This experience
directly addresses the overconfidence typical of novice drivers. In addition, a foundation
of knowledge is provided from which the students may build their future driving
strategies upon.
Classroom instruction reinforces the driving materials through a hands-on activity
about the blind areas surrounding large vehicles. With a student sitting in the cab of a
semi-truck providing direction, other students use chalk and traffic cones to outline the
"No-Zone" in order to gain an appreciation of correct following distances when sharing
the road with trucks and busses. In a second exercise, students use vehicle manuals as a
reference tool to answer questions about safe vehicle operation and maintenance.
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Figure 3.5: Demonstration of the tailgate apparatus during the Tailgating Module
3.2 Case Study
Implementation of the developed PETTY SDP was performed in the greater
Charlotte, North Carolina area. A total of three events were held over a two day period
and included 86 participants ranging in age from 15 to 22 years old. A mix of male and
female students (40% Male) participated in the six-hour program that included each of
the previously described driving and tent modules. At the time of the event, all students
possessed either a driver’s license or learner’s permit.
The programs are typically held at a flat asphalt parking lot that provides ample
space to perform the four driving modules along with accompanying tents for classroom
instruction. Water for wetting the pavement was provided by a truck with a small tanker
trailer. Two driving modules (Braking and Reaction Time / Obstacle Avoidance) were
set up and run simultaneously with the entire group performing the Braking Module first,
followed by the Reaction Time / Obstacle Avoidance Module. After the conclusion of
the first two modules, the equipment and layout were changed to accommodate the final
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two modules (Loss of Control and Tailgating). Minimal time was required to complete
the changeover; however, during the downtime the students were given a brief break
from instruction. For all of the driving modules, classroom materials were presented in
tents that were located close to the start of each driving module but maintained a safety
buffer from the moving vehicles. All classroom activities occurred within or in the
vicinity of the tents.
Prior to, and after the completion of the modules, student’s knowledge levels were
determined using a pre- and post-instruction test. The pre- and post-tests included the
same 14 questions directly related to the skills and situations presented in the PETTY
SDP.

The average pre-test score of 61% with 16 receiving a score between 70 and 100

(passing). Post-test results were improved with an average score of 71%. In total, 52
participants received passing grades showing an overall improvement of 10% in the
average score and an additional 36 participants received passing grades.
Between October 2009 and December 2010 matching pre- and post-test data
evaluations on over 600 Petty SDP participants resulted in the following module
knowledge test averages (from pre-test scores to post-test scores) as following: Braking
Module 22.02% increase; Reaction Time / Obstacle Avoidance Module 16.57% increase;
Tailgating Module 22.81% increase; and Loss of Control 8.44% increase; with the overall
module knowledge test average increasing by 17.46%. After completion of the program,
students and parents were asked to complete a written survey. The survey was designed
to ascertain their level of satisfaction with the format and content of each module, and
their opinion of instructors' knowledge, teaching skills, and ability to answer questions.
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CHAPTER FOUR
STUDENT DRIVER TAILGATING SAFETY TRAINING DEVICE

Training devices such as simulators and physical apparatuses have been used in
training athletes, pilots, and general students of all levels. In the United States, there are
more than 203 million licensed drivers with approximately 4.9 million drivers aged 19
and under, a large percentage of which have or will undergo some form of driver training
(Federal Highway Administration, 2007). To maximize effectiveness, training programs
focused on increasing the students driving safety level should address human behaviors
as much or more than skills and knowledge (Foss, 2007). Additionally, these courses
should include targeted content appropriate for the given demographic. With young
drivers, content related to visual searching, attention errors, and overall vehicle speed
should be included (McKnight, 2006).
Ideally, realistic scenarios should be simulated while maximizing student
throughput and minimizing per-student costs. Using this criterion, training apparatuses
providing a realistic scenario experience may be the best choice for certain training
content. This chapter proposes a design and use for an apparatus simulating a tailgating
scenario between two vehicles as shown in Figure 4.1. A tailgating situation occurs when
two or more vehicles are following each other by a reduced distance. In the event of
sudden deceleration by the lead vehicle, the following driver is unable to reduce their
speed sufficiently to avoid a rear-end collision. This situation is dangerous for both the
lead and follow vehicles as both may sustain damage and injuries. A tailgating scenario
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may incorporate recognition, decision, and performance errors associated with the driving
task, all of which are overrepresented by younger drivers (Hedlund et al., 2006).
Incorporation of a tailgating scenario may greatly improve the effectiveness of a driver
training program; however, implementation has proven to be difficult given the safety
and damage implications of tailgating behavior.

Figure 4.1: Truck on pylon course with tailgate apparatus
4.1 Tailgating Apparatus
For accurate simulation of a tailgating situation, a model of the rear of a vehicle
should be presented directly in front of the follow vehicle but should pose minimal threat
to occupant safety or vehicle damage. A proposed design for such a training apparatus is
provided in the following section including the necessary electrical wiring and
instrumentation.
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4.1.1 Design of Mobile Structure
Several requirements were identified for the structure of the tailgating apparatus.
They included: portability of the apparatus including the ability to attach to many vehicle
sizes and types, capable of traveling at speeds up to 80kph (49.7mph), and cause no
discernable damage to either the host vehicle or follow vehicle should the follow vehicle
drive into the structure. Additionally, flexing of the structure in lateral and longitudinal
directions was to be minimized.
Portability was a large design consideration for the apparatus, requiring both ease
of transport and the ability to attach to multiple vehicle types. A standard size hitch
receiver (50.8mm, 2in) was chosen as the primary attachment point to the vehicle.
Secondary attachment points were created for the bumper that utilized threaded tension
rods shown in Figure 4.2 (left).

Height adjustments of the tension rods allow the

apparatus to accommodate many vehicle sizes and types. To reduce the apparatus size
during transport, pinned connections were used between the vertical structure and the
horizontal frame (shown in black and silver, respectively).

Figure 4.2: Structure for tailgate apparatus with cables
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Depending on the end use of the tailgate apparatus, speeds of 80kph (49.7mph)
may be achieved during operation. In order to maintain rigidity during transient and
steady state operation, 66.5mm (2.62in.) boxed steel was used for the vertical structure.
This structure included connection to the hitch receiver and vehicle bumper, connection
to the horizontal frame, and mounting points for the tension cables. Steel was chosen due
to its high tensile strength. Air resistance was minimized by using small diameter
aluminum tubing for the apparatus frame and as few frame connection points as possible.
Aluminum stock was used in the frame to reduce weight and the associated moment
forces on the vertical structure while offering sufficient strength to incorporate tension
cables. The longitudinal and lateral flex was greatest during transient motion; however,
tension cables connecting the frame to the vertical structure was utilized in both
directions. Ultimately, under the hardest transient maneuvers and highest steady state
motion necessary (80kph), structural rigidity was maintained. A detailed schematic for
the tailgate apparatus is shown in Figure 4.3. The nominal overall length and height of
the two car tailgate assembly is 10.1m (396in) and 2.0m (80in) respectively. Variations
in dimensions are possible to accommodate different sized vehicles. The nominal design
was optimized for normal mid-sized sedans simulating a three-lane highway scenario.
The height of the brake-light cross beams allow for little to no impact with the front end
of the vehicle eliminating the possibility of airbag deployment in the event of a collision.
The width between the center of the lead vehicle and the center of either brake-light
structure is equal to the minimum lane width for U.S. highways, 3.66m (12ft). Note the
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adjustable design of the crossbeam allows for applications to other (narrower or wider)
roadway designs.

Figure 4.3: Computer aided drawing of tailgate apparatus

During apparatus use, collisions between the apparatus frame and the follow
vehicle(s) were possible at speeds great enough to cause significant damage to both the
vehicle and apparatus. In order to eliminate or reduce the damage caused by these
collisions, pivot points were added to the aluminum frame at the connection of the
electrical taillight structure and lateral structure. The pivot points included two springs
per side set in tension so as to maintain the vertical orientation of the electrical structure
during motion. In addition to the pivot points, 22.4mm thick foam padding was attached
to the electrical structure. This structure was the only portion of the apparatus that the
follow vehicle could collide with. To eliminate any damage to the host vehicle, rubber
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padding was used on the tension rods connecting the vertical structure to the rear bumper
of the vehicle. No pressure great enough to indent or damage the bumper was generated
during normal operating maneuvers.

Given the standard configuration, the tailgate

apparatus will require a width of 9.91m (32.5ft) for vehicles to operate safely with a 2m
(6.56ft) safety buffer on each side.

4.1.2 Electronics and Instrumentation
The electronics for the tailgating apparatus are straightforward given the
availability of aftermarket braking lamps and manufacturer installed towing functionality
on the host truck. A standard trailer light kit, readily available, typically contains two stud
mounted rectangular taillights with wiring harness and four-pole connector. If desired,
oval or round lamps may be selected to allow the creation of light displays, which
emulate the target vehicle(s) for training requirements. Note that the lamps may be either
incandescent or LED. The base truck will likely feature a trailer wiring connection near
the rear bumper for quick attachment; tail/marker (brown wire) corresponds to the
taillights positive line and ground (white wire) denotes the vehicle ground point. A
representative wiring diagram has been display in Figure 4.4 for the two sets of three
external lamps and basic truck brake subsystem wiring guide.
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Figure 4.4: Electrical wiring schematic for interfacing the tailgate apparatus to the trucks’
brake subsystem

To evaluate student performance during the maneuver, instructor evaluations on
questionnaires and/or in-vehicle sensors can be analyzed. In the later instance, video
cameras can record both the drivers’ reaction and vehicles’ motion during a stopping
event and couple it with operating data such as vehicle speed, brake pedal position, and
stopping time. In this manner, quantitative and qualitative data can be examined to
determine whether the driver has sufficiently mastered the driving module concept.

4.2 Tailgating Curriculum
The development of a driver training curriculum was performed in conjunction
with the design of the tailgate apparatus. The focus of the course was behind-the-wheel
training with supplemental materials presented in a classroom setting. The course totaled
75 minutes including a 10 minute introduction and demonstration, 30 minutes of behindthe-wheel training, 30 minutes of classroom training, and 5 minute conclusion. The
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course was designed for sixteen students; however, larger groups may be accommodated
with additional vehicles and instructors.
Each student participated in the behind-the-wheel portion with two student-driven
vehicles practicing the tailgating scenarios simultaneously (refer to Figure 4.5). Several
scenarios were simulated using the tailgate apparatus including a generic tailgate
situation with reduced following distance (less than two seconds), stop-and-go traffic
patterns, wet or icy roadway conditions (low road surface µ), and an assessment run
where the student was asked to select a comfortable following distance. In each scenario,
the instructor that drove the vehicle with the attached tailgate apparatus randomly brought
the vehicle to an emergency stop, requiring the students in the follow vehicles to react
accordingly. During the stop-and-go scenario, the lead vehicle alternated between quick
sudden stops, and moderate accelerations while never bringing the vehicle to a complete
stop. In addition, a distraction was introduced into the vehicle cabin in the form of a
ringing cell phone during the stop-and-go simulation. This distraction element was used
to reduce the focus of the driver on the lead vehicle, likely causing increased reaction
times. The ringing cell phone was chosen for its realistic nature and ease of recognition.
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Figure 4.5: Top view of track layout for behind-the-wheel training with tailgate apparatus
A classroom portion of the curriculum was developed to supplement the behindthe-wheel student seat time. Classroom materials consisted of several topical posters,
approximately eight minutes of video footage demonstrating proper following distances
behind lead vehicles, visual scanning methods and braking technique (non-skid), as well
as instructor led discussions concerning topics typically associated with tailgating
situations. These topics included: adverse visibility and roadway conditions, safe or
appropriate following distances, the effect of reaction time ‘pile-up’ with multiple follow
vehicles, and visibility issues associated with larger vehicles including 18-wheel transfer
trucks.
Several methods of assessment were developed pertaining to the different forms
of the course objectives. Students were asked questions that were derived from the
knowledge and attitudinal objectives before and after the training module. Pre and post-
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module knowledge levels were available and knowledge gained was taken as the
difference between pre and post module test performance.

Experiential and skill

assessment was performed by the in-vehicle driving instructors following the final
(assessment) scenario.

4.3 Case Study
In development of a national safe driving program, twelve students were asked to
participate in a pilot of the tailgate curriculum including both the on-track driving portion
and the classroom portion. Students’ ages ranged from 15 to 19 years old. Students were
given several assessment tests for knowledge and skill levels as well as asked to complete
a survey following the program.
A pre-program and post-program test was completed by all participants to assess
the knowledge of the students before and after the course. Trained in-vehicle instructors
administered the assessment of driving skills and documented the students’ experiences.
In addition, instrumented vehicles were used to obtain objective vehicle measurements
allowing for objective data analysis and supplemental skill assessment.

4.3.1 In-Vehicle Instrumentation and Survey
Both the lead and follow vehicles were instrumented with in-vehicle data
recorders while the follow (student) vehicle included a multi-camera video recorder
system. The in-vehicle data recorders gathered vehicle parameters from the On-Board
Diagnostic port (OBD-II) including vehicle and engine speeds. External accelerometers
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were used to obtain lateral and longitudinal accelerations, and a GPS receiver was used to
collect the vehicle’s spatial position. Absolute vehicle position was not used, however,
relative vehicle position from the lead vehicle allowed for derivation of the following
distances as shown in Figure 4.6.

The objective assessment of the students was

calculated using the collected parameters. Variable weighting was given to: 1) headway
distance maintenance (50%), 2) headway time maintenance (10%), 3) speed (10%), 4)
speed differential related to the lead vehicle (10%), and 5) anticipation of the braking
maneuver (20%). Students receive a grade, using a scale of 1 to 5, based on their
performance in each criteria (see Appendix A).

Figure 4.6: Tailgate apparatus in action attached to the truck with
the trailing vehicle a short distance behind
In addition to the data collection, the follow vehicle was outfitted with two small
video cameras that allowed for video capture of two separate vehicle views. One camera
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was attached to the vehicle’s windshield facing towards the front of the vehicle. The
other camera was mounted to the dashboard facing towards the rear of the vehicle,
capturing the driver and instructor.

4.3.2 Assessment Results
The evaluation of student performance during the tailgating exercise has been
accomplished using qualitative and quantitative data. First, a variety of vehicle signals
including th and xh, vf, adecel, and tr are recorded and examined. In Figure 4.7, the vehicle
headway distance (distance between the rear bumper of the tailgate truck and the front
bumper of the student driven vehicle as measured using GPS data) has been displayed.
Vertical lines labeled “B” and “C” indicates the end of the braking events. The braking
event was initiated by the truck at t = 12.0s; the student driver responded at t = 12.5s
which represents a 0.5s reaction time. The speed of the vehicles just before braking was
32.1mph (truck) and 38.0mph (students’ vehicle). Similarly, the vehicle decelerations
were -7.6ft/s2 (-2.32m/s2, -0.236g’s) and -8.9ft/s2 (-2.65m/s2, 0.27g’s) respectively.
A grading rubric was created to provide an analytical analysis tool for the
collected data (see Appendix). A total of five criteria were chosen for grading with
weighting factors given to each. Students received a score for each criterion, using a
scale of 0-5, based on the key performance data. An objective grade for each student was
then

determined

using

the

grading

rubric

and

the

5

∑ (Criteria Weight * Score ) .

A total of 100 points were possible.

i =1
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grading

formula,

Figure 4.7: Headway distance, xh, versus time, t, for driver #1 on assessment run of the
tailgate exercise
Second, the in-vehicle instructors observed the maneuvers and judged the
student’s vehicle operation using a series of performance questions (see Appendix A). If
the student hit the tailgate cart, it was noted and impacted the student’s subjective grade
accordingly. For the example shown in Figure 4.7, student #1 did not strike the tailgate
apparatus and had a subjective rating of 100 based on their observed compliance with all
criteria.
The data for all participants has been compiled in Table 4.1. Two instrumented
vehicles and the support truck operated on a closed course during a two-day time period
with two in-vehicle instructors and one tailgate apparatus instructor driver.

Both

objective and subjective evaluations were included in the student’s overall average rating
with each given equal weighting. In general, the subjective and objective scores for the
students are similar with the average difference between scores equal to 11.4%. Note that
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subjects #1 - #4 and #5 - #12 were from different events, and therefore had a different invehicle instructor. This may explain the small variance, σ2, in subjective grading for
students #5 - #12 (σ2subject = 21.4, σ2object = 35.1) compared to students 1-4 (σ2subject = 425,
σ2object = 63.8).

The instructors used a standardized record sheet to evaluate the

participants (refer to Figure A.2 in the Appendix); however, instructors used personal
judgment to answer five of the six questions (#28 - #33).
Table 4.1: Summary of qualitative and quantitative data for each student driver who
completed the tailgating exercise (Y=Yes, N=No)
Vehicle Headway
Driver Speed Headway
Driver
Reaction Before Before
Max
Min
No. thmax xhmax thmin xhmin Time Braking Braking
tr (s) Vf (kph) xf (m)
(s) (m) (s) (m)

1
2
3
4
5
6
7
8
9
10
11
12

7.1
8.8
7.6
8.6
8.0
8.8
7.0
8.8
8.1
7.3
9.7
9.5

34.5
26.4
32.2
31.2
64.9
82.4
82.3
78.7
94.7
90.3
96.3
88.7

0.8
0.6
0.7
0.7
2.4
3.8
2.4
2.6
2.2
3.0
2.8
2.5

3.0
2.9
4.3
6.1
16.4
24.6
24.6
15.8
17.1
18.5
20.0
18.7

0.5
1.9
0.7
0.4
2.4
1.7
3.1
2.8
3.2
2.4
3.7
3.1

61.2
50.5
50.5
56.2
49.2
36.5
44.6
49.2
50.5
38.1
48.9
44.4

9.8
5.6
6.9
7.1
29.3
34.7
40.3
32.6
27.1
28.9
33.7
27.4

Performance Rating
Vehicle
Braking Braking Hit
Decel
Time Distance Cart
adecel
Subject. Object. Avg.
tstop (s) xstop (m) (Y/N)
2
(m/s )

-2.7
-9.6
-9.6
-7.1
-1.5
-1.1
-1.0
-1.2
-2.0
-0.6
-1.4
-1.3

4.4
2.4
3.0
2.9
8.6
8.0
7.7
6.9
7.5
6.7
5.7
7.4

16.8
10.4
6.9
7.8
12.9
10.1
15.7
16.8
9.0
10.4
13.7
8.5

N
N
N
N
N
N
N
N
N
N
N
N

100
80
50
80
100
90
100
100
100
90
100
100

87
85
73.5
92.5
88.5
84.5
84.5
86.5
96.5
76.5
92.5
87.5

93.5
82.5
61.5
86.5
94.5
87.5
92.5
93.5
98.5
83.5
96.5
94.0

4.4 Summary
A comprehensive training program was developed utilizing a custom designed
apparatus for situational training. Twelve drivers participated under instructor guidance.
Both objective and subjective assessments were used to evaluate each participant's
performance and provided a foundation for their evaluation. Nine of the 12 participants
passed, having received a grade of 85 or better. Two participants conditionally passed
with grades between 70 and 85 while a final participant failed with a grade below 70.
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Of note were driver’s number #3 and #10. These participants enrolled at different
events and had different in-vehicle instructors.

Both participants had very similar

objective scores (73.5 and 76.5); however, they had very different subjective scores (50
and 90). Based upon the slower speed before braking and larger headway before braking,
driver #10 would be perceived as much more cautious than driver #3, possibly skewing
the instructor’s evaluation towards a higher score than was warranted. While cautious
driving is typically safer, little learning benefit results from the slow, overly cautious
driving exhibited by student #10. Having both instructor evaluations (subjective grading)
and in-vehicle data collection devices (objective grading) improved the overall evaluation
and driving feedback to the students.
Finally, participants were asked to complete a program evaluation including
questions about the course content and format.

Every participant stated that they

benefited from the program regardless of their level of driving proficiency. Further
evaluation of the program validity is possible through correlation between participants'
driving records and course assessment performance. An expanded study with more
participants would yield stronger results. In addition, complementary driver training
modules may be developed for an improved novice driver training course.
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CHAPTER FIVE
ANALYSIS OF IN-VEHICLE DRIVER BEHAVIOR DATA FOR IMPROVED
SAFETY
Automotive safety is a critical component of vehicle design and driver operation.
In the United States, focus has been given to the vehicle for improvements in driver and
occupant safety rather than the human element of driving. Outside the United States,
efforts involving the driver for improved safety have proven viable in further reducing
vehicle crash rates (Williams and Haworth, 2007). One such strategy is to use available
vehicle data to mathematically describe driving behaviors in order to classify the safety
level of drivers. Information regarding driver behavior may be provided back to the
driver, used off-line for driver development, or used in real-time for vehicle parameter
control. The following chapter described a methodology to achieve improved driver and
occupant safety.

5.1 Driver Classification
In this chapter, a general framework has been proposed to classify driver
performance. Six different driver classifications were instituted ranging from “timid” to
“aggressive” as shown in Figure 5.1. Previous research has proposed definitions of
aggressive driving and attempted to differentiate timid or cautious drivers from
aggressive drivers (Miles and Johnson, 2003, Knapper and Cropley, 2008). The targeted
area for a driver lies in the “conservative” and “neutral” zones.

Both extreme

classifications, timid and aggressive, may constitute dangerous behavior. Further, unsafe
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driving may also occur in the cautious and assertive classifications.

For example,

assertive driving may be classified as unsafe due to behaviors such as tailgating, speeding
above the traffic flow, and rapidly changing lanes. Similarly, cautious driving may be
classified as unsafe due to such characteristics as traveling below the speed of traffic to
maintain the minimum posted speed limit, over-scanning before making turns or lane
changes, and not anticipating traffic patterns while maintaining vehicle speed. A normal
distribution has been assumed for general driver behavior with the percentages based on
the number of standard deviations about the mean. The target zone ranged between
±σ1=0.67 about the mean, µ. However, the unsafe zones range from ±σ1 to ±σ2=1.64. A
driver exceeding |σ2| will be considered in either the timid or aggressive zone.

Figure 5.1: Driver safety classification based on behind-the-wheel operating behaviors
with assumed Gaussian distribution population percentages
A series of data analysis strategies have been proposed to evaluate the driving
proficiency of vehicle operators using in-vehicle operating data. To measure driver
performance, some of the available vehicle measurements include the velocity,
V = [v1, v2, …, vn]T, acceleration, A = [a1, a2, …, an]T, jerk, J = [j1, j2, …, jn]T, and engine
speed, N = [N1, N2, …, Nn]T. The parameter, n, denotes the number of instantaneous
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sampled values. Additional variables such as the brake pressure, steering wheel angle,
lateral accelerations, yaw rate, and/or a customized combination of physical
measurements may be substituted for these selected variables.

5.1.1 Data Threshold Violations (DTV)
The vehicle parameters speed, v, and acceleration, a, have been selected as
measures of driver performance and behavior (refer to Figure 5.2). The vehicle speed
threshold,

, and three acceleration thresholds, atli for (i=1,2,3), are shown. In the latter

case, the numbers range from least significant, atl1 , to most significant atl3 . The three
acceleration thresholds were chosen based on perceived human comfort, and to satisfy
the phase plane limits. Multiple speed thresholds are possible with information on the
vehicle’s location and local speed limits.

If no vehicle location in known, then a

threshold equal to the highest state (or federal), speed limit may be appropriate. An
inequality relationship has been used to define a violation in the DTV method.
⎧< v , a , j : No Penality ⎫
⎬
⎩ tl tl tl
⎭

( vn , an , jn ) ⎨≥ vtl , atl , jtl : Violation

(5.1)

Every instantaneous value larger than the appropriate threshold, either positive or
negative in the case of acceleration, may be counted as a violation.

{

}

For example, the

total number of speed violations, χ DTV := V ∈1 vtl < v p , ∀p , may be recorded to
determine the violation rate for comparison against other data sets.
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Figure 5.2: Data threshold violation (DTV) analysis using
vehicle - (a) speed and (b) acceleration (Subject #5, Highway #1)

5.1.2 Phase Plane Analysis with Limits (PPAL)
The simultaneous analysis of two coupled variables can be useful in determining
driver behavior. If variables have small steady state deviations about their equilibrium
points, then the analysis of the deviations from normal (or optimal) values can be
completed using limit boxes, circles, ellipses, or a number of other appropriate shapes.
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The PPAL method may be viewed as an extension of DTV to two threshold variables for
improved event recognition. In Figure 5.3, the longitudinal acceleration and jerk have
been plotted against each other. The three limit levels (e.g. minor, severe, and extreme),
PPLi for i=(1,2,3), are shown by the innermost to outer-most limit rings, respectively.

Figure 5.3: Longitudinal acceleration versus jerk data with three
limit levels (Subject #5, Highway #1)

Initially, straight lines were considered for the acceleration and jerk limits, which
created phase plane limit rectangles. The three acceleration and deceleration limits, atli
and dtli , were empirically determined based on the performance capabilities of a popular
passenger vehicle. The three jerk limits, jtli for (i=1,2,3), represented low, medium, and
high levels. The magnitudes for the lower two limits (i=1,2) were derived from Wei and
Rizzoni (2004); the third limit was estimated based on perceived human discomfort.
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To offer greater insight, the phase plane limits were created using ellipses based

(

on the acceleration and jerk limits. The phase plane limit becomes PPLi = f âi , ĵi

) for

(i=1,2,3) to accommodate the analysis of the coupled effect of acceleration and jerk. To

(

)

create the limit level ellipse, the acceleration axis radius, rai = 0.5 atli − dtli , was derived

(

)

from each level’s acceleration limits. The jerk axis radius, rji = 0.5 ⎡⎣ jtli − − jtli ⎤⎦ = jtli ,

(

was based on the selected jerk limits. The ellipse center, Cai ,C ji

(

jtli and atli with Cai = atli − rai

) and C = ( j
ji

tli

) was computed from

)

− rji . In addition, an ellipse skew angle,

0° ≤ φ ≤ 180° , was introduced to fit the data. This skew angle was varied to identify the

maximum

number

of

points

inside

the

first

phase

plane

threshold

or

⎛ n
⎞
max ⎜ ∑ a p , j p < PPLi ⎟ . To generate the full acceleration versus jerk ellipse, the
⎝ p =1
⎠

{(

)

}

angle θ (measured from the positive x-axis), ranged from 0° ≤ θ ≤ 360° in one degree
increments so that

⎧⎪âi = rai cos φ cosθ − rji sin φ sin θ + Cai ⎫⎪
⎨
⎬
⎪⎩ ĵi = rji cos φ cosθ + rai sin φ sin θ + C ji ⎪⎭

(5.2)

for 0 ≤ θ ≤ 2π and i=(1,2,3).
The violation of each limit was determined by calculating where each individual
data point lies in the phase plane.

The length, l p =

(a

p − Cai

) +(j
2

p − C ji

)

2

for

p=(1,2,…,n) and i=(1,2,3) of the instantaneous data point from the centroid of the limit
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⎛ j p − C ji ⎞
ellipses to the given data point was calculated. Next, the angle, ψ p = tan −1 ⎜
⎟
⎝ a p − Cai ⎠

was computed as measured from the positive acceleration axis.
The data points outside each limit ellipse were identified when li ≥ ki with
κi =

(k ) + (k )
2

1
i

2

2

i

,

where

( )

( )

( )

k 2 i = rji cos φ sin ψ p + rai sin φ cos ψ p .

(

)

(

( )

k 1i = rai cos φ cos ψ p − rji sin φ sin ψ p
A simplification of

and

can be written as

)

κ i = ra2i cos 2 ψ p + φ + rji sin 2 ψ p + φ .
The penalties associated with each limit violation were assigned progressively
higher values, which corresponds to further operation from nominal driving behavior.
Each violation was counted.

{

The total number of violations for the ith limit level,

}

χ PPALi := L ∈ i κ i < l p ,i ∈[1, 2, 3] ∀p , was recorded and used in the final analysis of
the driver behavior.

5.1.3 Recurrence Plot with Outer Limits (RPOL)
Time series analysis has been used to monitor the health of engineering systems
(Finn et al., 2009). Recurrence plots can estimate proper system behavior and highlight
abnormal operation and impending problems.

Cyclical and steady-state operation

analysis may be handled by recurrence plots with system start-ups, steady state operation,
and shut down cycles analyzed together. For example, engine speed can be cyclic in
nature, with constant start-ups (accelerations), steady states (cruising), and shut-downs
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(decelerations) during each vehicle trip. These events make the application of traditional
analysis methods somewhat difficult. However, engine speed, N, is bounded making it a
good candidate for recurrence plot analysis.
A vector Yp containing three engine speed time phases, p, p + τ, and p + 2τ, may
be used as a secondary method to identify driving behaviors.

Y p = ⎡⎣ N p , N p + τ , N p + 2τ ⎤⎦

(p = 1, 2, …, n)

(5.3)

Not all vehicles have the same performance capabilities; however, average
vehicles can be driven aggressively and outside normal operation bounds. Figure 5.4
displays a recurrence plot for the trip presented in Figure 5c. Outlier points can be
attributed to high throttle positions leading to high engine speeds, as well as abnormal
transmission shifts. Steady state driving would ideally result in a single point on the
recurrence plot. Transient behavior results in deviation from the steady state value,
which creates a boundary for each axis.

Figure 5.4: Engine speed recurrence plot using a time step of
τ = 2.5 seconds (Subject #5, Highway #1)
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(

A sphere, δ 2 = N p − N SS

) + (N
2

p +τ

− N SS

) + (N
2

p + 2τ

)

2

− N SS , centered at the

steady state value, NSS, with radius, δ, equal to the allowable steady state deviation was
chosen to represent the limit boundary. In this instance, the steady state engine speed at
the desired cruising speed may change based on the individual vehicle. The number of
violations may be calculated based on the total number of violations per trip,

{

}

χ RPOL := Y ∈ 3 δ < Y p , ∀p , and supplied to the driver behavior classification method.
Normal driving behavior would result in a recurrence plot similar to Figure 5d.
Typically, a sample rate of 1 Hz should be sufficient to detect any outliers and vehicle
events such as transmission shifts. A higher sampling rate would generate better results.
Interpolation between data points to better estimate vehicle behaviors could be used in
less than ideal sample rate situations. However, vehicle events cannot be recreated from
interpolation. Time steps ranging from one to five samples, depending on the sample
rate, would allow for the graphical representation of the vehicle behavior to highlight any
abnormal or improper actions.

5.1.4 Data Analysis
The analysis methods presented produce a violation count of each instantaneous
point greater than the established threshold.

Due to variations in trip lengths and

subsequent

trip,

variations

in

violations

per
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a

normalized

violation

rate,

3
⎞
1⎛
λ = ⎜ α DTV χ DTV + ∑ α PPALi χ PPALi + α RPOL χ RPOL ⎟ , has been used to directly compare trips.
⎠
n⎝
i =1

The weighting factors, α, may be assigned to different violations, in the event that the
severity of each violation should be penalized differently.
The statistical analysis of λ is possible if data from a sufficiently large, randomly
chosen control group should become available. The driving behaviors may assume to be
normally distributed due to the large population size. However, normality can be proven
using the Shapiro-Wilk test. The comparison of the individual violation rate to the
control population’s mean and standard deviation will yield a p-value which corresponds
to the driver’s percentile ranking compared to the general population.
The availability of driving records, such as past crashes, , and moving
violations,

, for each member of the control group, would allow for the correlation

between an individual’s normalized violation rate,
Θ=Φ+M, to be determined.

, versus probable driver risk,

By plotting the control group’s combined crashes and

moving violations against the associated

, an equation to predict

is generated by

fitting a trend line.

5.2 Case Study
A pilot study of the prepared driver classification method was completed using
human test subjects. Prior to collecting driver data, approval was obtained through the
Clemson University Institutional Review Board.
completed an informed consent form.
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Each participant subsequently

Three different types of data recorders were utilized in the study. A simple plugand-play OBD-II device (Davis Instruments® CarChip® Pro), a GPS enabled Controller
Area Network (CAN) data recorder (VBox III 100 hz), and a hand-held GPS-andaccelerometer-enabled device (PASCO®’s Xplorer GLX™). These devices were selected
to provide longitudinal, lateral, and vehicle powertrain data. The OBD-II recorder (refer
to Figure 5.5) gathered the vehicle speed, engine speed, mass air flow rate, coolant
temperature, and throttle percentage. The vehicle speed was recorded every second while
all other parameters were recorded at a rate of once every five seconds. The CAN bus
unit recorded GPS coordinates, GPS-calculated vehicle speed, two axis (longitudinal and
lateral) accelerations, engine speed, wheel speeds, brake pressure, throttle percentage,
steering wheel angle, steering wheel velocity, and vehicle speed. The handheld data
recorder supplemented the OBD-II recorded data with a GPS sensor and 3-axis altimeter
and accelerometer. In addition, the vehicle speed and heading were calculated by the
GPS sensor. Accelerations and GPS coordinates were gathered once every second. Both
sets of data were synchronized together using the data time stamp.

Figure 5.5: In-vehicle data acquisition device plugged into the OBD-II diagnostic port
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Each participant completed a driving survey asking for their: sex (M/F), age
group (18-28, 29-40, 41-65), vehicle type (2-door or 4-door passenger vehicle, pickup
truck or SUV, minivan, sports car), years of driving experience, estimated percentage of
driving in ‘city’, ‘rural’, or ‘highway’ conditions, the number of moving violations in the
past year groups (0-1 year, 2-5 years, 6-10 years, 11+ years), the number of traffic
crashes while acting as the driver in the past year groups (0-1 year, 1-5 years, 5-10 years,
10+ years), and a self-determined driver rating. The subjects were then asked to drive for
two weeks and record each trip with the engine control unit (ECU) data device. Subjects
were able to leave the device plugged into their vehicle, which required no additional
maintenance. Due to limited battery life and manual operation, users of the hand-held
device were asked to drive for only two to three days, recording as many trips as possible.
The CAN data recorder was used during initial data collection, but not implemented in
subject testing vehicles due to cost.
Each participant’s electronic recorder device data was downloaded to a single
computer and labeled with a coded number system to remove any direct personal
identifiers. The trips were then categorized into one of four driving scenarios: short, city,
rural, and highway based on trip length and maximum vehicle speed.

Table 5.1

summarizes the conditions used for each trip category. The trips were arranged by their
classification, and four excursions from each category were randomly chosen for
analysis. If a subject drove for less than four trips in a category, then every trip was
analyzed. If no trips existed for a category, then that category was discarded from the
final analysis. Although it has been shown that crashes are over represented in short trips
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close to a driver’s home (Kam, 1999), trips classified as short were discarded due to an
insufficient number of data points and a lack of vehicle location information.
Table 5.1: Trip classifications based on the trip travel distance and maximum speed
Scenario
Distance
Condition Max Trip Speed
Short
d<3.2km
AND
v<112kph
City
3.2km<d<80.5km
AND
v<74kph
Rural
3.2km<d<80.5km
AND
74kph<v<106kph
Highway
d>80.5km
OR
v>106kph
The vehicle operating data was downloaded from the electronic recording device
using each unit’s proprietary software.

The data tables were then exported into

Microsoft® Excel and accessed by MatLab®. The vehicle speed, engine speed, vehicle
latitude and longitude coordinates, and lateral accelerations were selected for analysis. In
MatLab®, the longitudinal acceleration and jerk were derived from the vehicle speed
through numerical differentiation. Similarly, the lateral jerk was derived discretely from
the lateral acceleration.

Due to the lower sampling frequency of the engine speed

variable, linear interpolation offered better estimates.

The analysis algorithms stated

previously were coded into MatLab® and applied to the data.
The DTV and PPAL analysis methods were applied while the RPOL strategy was
not applicable due to insufficient data sampling rates. The parameters for DTV and
PPAL have been summarized in Table 5.2. The parameter vtl includes the highest speed
limit (112.7 kph) within the testing area, as well as an additional 13 kph for normal speed
variation. The acceleration and deceleration limits, 4.46 m/s2 and 9.22 m/s2, correspond
to a typical passenger vehicle (Phillips, 2007). The first level limits were set at 20%
(15%) full acceleration (deceleration). The second level was equal to a 15% (10%)
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increase for acceleration (deceleration). The third level featured the same increases
above the second level. The jerk limit levels, jtl1 and jth2, were based on Wei and Rizzoni
(2004). The third level, jtl3, was set using an increase of 1 m/s2 from jtl2, which is equal to
the increment between jtl1 and jtl2. The recurrence plot time step, τ, was dependant on the
interpolated engine speed data, which was set as 2.5 seconds.
Table 5.2: Summary of parameter values for driver classification analysis methods
Symbol
Value
Unit
Symbol Value Unit
atl1
jtl3
0.091
g’s
3.0
m/s3
atl2

0.159

g’s

vtl

125.5

kph

atl3

0.227

g’s

1.0

-

dtl1

-0.141

g’s

2.0

-

dtl2

0.235

g’s

3.0

-

dtl3

0.329

g’s

α DTV
α PPAL
α PPAL
α PPAL
φ

5.0

-

2.88

rad

τ

2.5

s

jtl1
jtl2

1.0
2.0

m/s

3

m/s

3

1

2

3

The speed and phase plane violation penalties, α, were chosen with the speed
penalty representing the smallest infraction.

All three phase plane violation levels

received incrementally higher values with the third level more heavily weighted due to
the extreme nature. The data for each trip was analyzed and assigned a driver trip rating,
DTR, given as

DTR =

3
⎞
1⎛
α
χ
+
α PPAL χ PPAL ⎟ 100%
∑
DTV
DTV
⎜
i
i
n⎝
⎠
i=1
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(5.4)

Five subjects’ data have been summarized in Table 5.3 including subject number,
roadway type, trip violations, trip length, average DTR for DTV and PPAL violations,
and total average DTR. The average driver trip rating, DTR , was selected for the driver
classification. In this expression, q denotes the number of trips per roadway type. For
the driving population, a mean DTR, µDTR, and standard deviation, σDTR, would need to
be estimated. It has been assumed that that the DTR was normally distributed, centered
between 0 and 100 with nearly the entire population falling within those bounds. There is
insufficient statistical evidence to reject a hypothesis of the DTR mean equal to 50 and
standard deviation equal to 20 at a 5% confidence interval.
Table 5.3: Summary of average driver trip violations for five test
subjects over three roadway types
Subject Roadway χ DTV χ PPAL1 χ PPAL2 χ PPAL3
n
DTR DTV DTR PPAL
City
NA
298
33
11
2299
NA
32.6
1
Rural
NA
485
78
11
4037
NA
31.2
Highway
63
1846
310
67
18941
0.3
26.2
City
NA
543
114
88
2056
NA
90.9
2
Rural
NA
528
136
30
2039
NA
79.2
Highway
0
3603
708
198 13487
0.0
76.5
City
NA
349
84
37
1907
NA
59.5
3
Rural
NA
455
106
19
2257
NA
58.6
Highway NA
NA
NA
NA
NA
NA
NA
City
NA
446
97
39
2436
NA
56.6
4
Rural
NA
389
119
50
1966
NA
70.4
Highway
10
4256
692
91
19830
0.1
55.7
City
NA
79
9
8
467
NA
48.2
5
Rural
NA
423
107
40
2433
NA
56.2
Highway 364
911
278
156
5777
6.3
65.8
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DTR
32.6
31.1
26.5
90.9
79.2
76.5
59.5
58.6
NA
56.6
70.4
55.8
48.2
56.2
72.1

5.3 Summary
Overall, 60% of the subjects (#3 - #5) fell within the target zone presented in
Figure 5a. Subjects #1 and #2 would be classified as cautious and assertive, respectively.
For all but two subjects the classifications remained uniform for all types of roadways,
while subjects #4 and #5 each had one variation in roadway type classification. This
observation may be likely explained by either inexperience or overconfidence.

A

detailed examination of subject #5’s driving history and violation rates provides some
insight into their different DTR numbers.
In this case, subject #5 had 6-10 years of driving experience, was involved in 1
crash, and received 1 moving violation during their driving career. The rural driving
DTR score was located well within the target zone, as well as the city rating. The
highway rating of 72.1 was well outside the target range. A significant contributor to the
high highway rating was the large number of DTV = 364 (speeding violations). The high
amount of speeding may also contribute to the higher PPAL violations (911, 278, 156) as
the subject could have been driving faster than the traffic around them, and would have to
do more speed correction (i.e., braking, quick lane changing). Of the five subjects, #5
had significantly more DTV violations and shorter trips, contributing to the second
highest highway average DTR = 72.1.
Subject #1 had the lowest average DTR for each roadway type (32.6, 31.1, 26.5)
with each rating falling within the cautious zone.

In addition to the OBD-II data

recorder, subject #1 was given the handheld data recorder for three days while collecting
two trips of data. Both trips were of rural classification; each approximately 15 minutes
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long. The DTR for the two trips were 24.2 and 23.9, lower than their average DTR for
rural roadways, but in the same classification zone. Although the GPS data was not used
in the DTR calculations, a graphical representation of the vehicle speed displayed on a
trip map was created for the first excursion. Vehicle location information can be used to
more accurately assign DTV violations. For trips of higher violation rates, detailed
examination of driving behavior and the corresponding location maybe possible.
To graphically display the latitude and longitude data, MyWorld GIS™ software
package was used. A standard United States Geological Survey LandSat photo provided
the background image with black lines representing the public roadways. Figure 5.6
presents a sample plot of GPS data over the map with driver operator data. Vehicle speed
is color coded on the vehicle path showing the instantaneous speed of the vehicle and its
location. Nearly the entire trip length represents roadways with 88.5kph speed limits
with a maximum speed reached below 96.6kph (8.1kph over limit). This participant has
over 20 years of driving experience, was involved in two previous crashes, and rated
themselves as an above average driver. The driving record of this participant appears to
coincide with the driving behaviors of neutral to cautious.

Figure 5.6: Sample trip topography map with speed (m/s) levels color-coded for subject
#1 using a handheld data recorder with GPS
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CHAPTER SIX
A CUSTOMIZABLE AUTOMOTIVE STEERING SYSTEM HAPTIC FEEDBACK
STRATEGY FOR ENHANCED OBSTACLE AVOIDANCE PERFORMANCE
Complex electro-mechanical systems have become commonplace in modern
vehicles due to cost effective sensors and actuators. This influx of available information
and controllable parameters has led to the implementation of many vehicle safety systems
while allowing for continued development of new methodologies. As a result, overall
driver and passenger safety levels may be increased without a reduction in mobility.
Automotive safety systems can be broken into two categories, passive systems and active
systems. Both system types can use internal and external vehicle information to control
automotive subsystems and provide additional data to the driver. In this Chapter, several
different methodologies for enhanced driver safety will be described including auditory,
haptic, and visual feedback.

6.1 Driving Simulator
A custom automotive driving simulator has been developed at Clemson
University, which features an adjustable steer-by-wire system that can accommodate a
variety of driver preferences for vehicle/road operational feedback. As reported by
Iyasere et al. (2007), this steering simulator has a real time controlled under-dash
electrical motor, with accompanying sensors, to monitor the driver’s commanded steering
wheel torque and generate an appropriate response torque. The hardware and software
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package are seamlessly integrated to create a test platform that supports the evaluation of
steering systems and in-vehicle driver notification strategies.
Platform
A custom built driving simulator immerses the test subject into a controlled
driving environment that allows for testing of each of the feedback channels. The body
of the simulator is a 2002 Honda CR-V, which was cut in half directly behind the front
seats (refer to Figure 6.1). A steer-by-wire system replaced the factory hydraulic steering
arrangement; however, all of the factory trim pieces remain in place to maintain a
standard appearance.

Figure 6.1: Clemson University automotive driving simulator with longitudinal
motion and steer-by-wire capabilities
Visual
To produce the driving environment two software packages; CarSim™ and
MatLab™ Simulink™ are used in tandem. CarSim™ is a fully configurable vehicle
dynamics simulation package.

Accurate and full vehicle response simulations are

available faster than real-time. CarSim™ breaks the vehicle system into subsystems (i.e.,
engine, transmission, suspension, and chassis) with inputs available for each vehicle
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parameter. Using this system level design, difficult vehicle kinematics are used in a
simple manner.
The CarSim™ package allows for custom virtual test tracks to be created and
modified by building terrain in x-y-z coordinates of the centerline. Objects, colors, and
textures may be added anywhere in the road environment.

CarSim™ does have a

limitation of twenty-six different color patterns, which may be defined in a horizontal or
longitudinal pattern. This has limited the number of obstacles allowed for testing to four.
To graphically output the vehicles’ response, CarSim™ includes a scene-rendering
program called Surfanim™. This software translates the vehicles’ equations of motions
generated by CarSim™ into a graphical representation viewable on an output screen. To
project the visual environment created by Surfanim™, three digital projectors were used
to project the images onto three identical white screens each measuring 153mm x
195mm, placed 135mm from the front of the vehicle. A view of the projected roadway is
shown in Figure 6.2.
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Figure 6.2: Sample view of the projected roadway as shown by the center screen
Audio
The front factory in-door speakers were utilized for the audio warning sounds as
well as the vehicle sounds, which were produced by CarSim™. CarSim™ also produced
tire road noise, engine sounds, wind noise and tire squeal when appropriate. Ambient
noise may be produced, but is not currently utilized in this laboratory study.
Haptics
The factory installed hydraulic steering system from the Honda CR-V was
removed and replaced by an electronic power steering system. By removing the factory
steering column, space was created to fit a feedback torque motor attached directly to the
steering wheel (refer to Figure 6.3). Steering feedback was provided to the driver using a
240VAC Danaher Motion torque control motor capable of providing 5.8N·m constant
torque or 16.8N·m peak torque. To control the output torque via a dSPACE rapid
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prototyping board, a 10VDC power supply was attached to the driver unit. A torque
sensor from Methode Electronics has been installed to monitor the torque delivered by
the system.

Figure 6.3: Feedback torque motor located under the vehicle’s dashboard with the
attached steering wheel
6.2 Steer-by-Wire and Haptic Feedback
In the development of the simulator, two variations on steer-by-wire feedback
control have been implemented. First, the validated complete steering system model
(Ancha et al., 2007; Baviskar et al., 2009; Mandhata et al., 2010) provided the steering
stiffness for realistic steering ‘feel’ and offered haptic feedback. The dynamics of the
driver interface can be described by
I SW θSW + N SW (θ SW , θSW ) = TSW − Fffrm − α 1Tm
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(6.1)

where θSW represents the steering wheel displacement, NSW(·) is a function to describe the
properties of driver interface stiffness and damping, TSW and TM represent the measurable
motor torques for the driver input and feedback, respectively, α1 is a scaling factor, and
Fffrm represents the dry system friction.

It is possible to eliminate the torque

measurements through estimation (Setlur et al., 2002); however, torque sensors were
used in this application.
A reference steering model was developed for flexible control through parameter
choices. Second-order terms and multiple torques were used in this reference model
which took the mathematical form of
I TRθd + N TR (θ d , θd ) = TSW + T fb + Taux

(6.2)

The two steering subsystems that were used to model the steering dynamics have been
illustrated in Figures 6.4a and 6.4b. The desired steering angle displacement is denoted
by θd while NTR represents the auxiliary target dynamics that can be tuned to individual
preferences for steering stiffness and damping. To accurately reproduce the desired
steering feel, θSW should track θd.

Figure 6.4: a) Primary steer-by-wire subsystem b) Conventional steering subsystem used
as reference
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To quantify the difference between the two steering angles, a tracking error is
introduced as

r = e + µe

(6.3)

where µ is a positive control gain and e = θ d − θ SW . The tracking error can be related to
the two system dynamics by taking the first time derivative of Equation (6.3), and then
substituting the expressions from Equations (6.1) and (6.2) (assuming N SW (⋅) is linearly
parameterizable; see Setlur et al., 2002). The resulting open loop system can be defined
as

I SW r = Y φ − α1Tm

(6.4)

where Y ! R1xr is a regression matrix consisting of measurable variables, and ϕ is a
vector of unknown constants.
A control structure is desired that is stable and asymptotically forces the error
signal to zero, while adapting for any unknown system parameters.

This can be

accomplished by using the control input
Tm = kr + Yˆφ̂

(6.5)

where k is a positive control gain, Yˆ is a regression matrix, and φ̂ is a vector of adaptive
estimates for the unknown constants.
The three torques on the right-hand side of Equation (6.2), TSW, Tfb, and Taux,
represent the driver input, tire/road feedback, and auxiliary torques, respectively.
Equation (6.2) was simplified by defining the tire/road feedback torque, Tfb, and auxiliary
nonlinear function, NTR(·), as
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T fb = ⎡⎣ K1* , K 2* , K 3* , K 4* ⎤⎦ ⎡⎣Tassist ,Talign ,Tes ,Tstat ⎤⎦

N TR (⋅) = ⎡⎣ K 5* , K 6* ⎤⎦ ⎡⎣Tstiff ,Tdamp ⎤⎦

T

(6.6)

T

(6.7)

with K*i representing tunable gains. For this study, Taux was defined as
⎡ Asin (ω t ) LC ≠ ∅ ⎤
Taux = ⎢
⎥
LC = ∅ ⎦
⎣0

where

(6.8)

LC = [ YCG < 0.5yLW ]  ⎡⎣ X w < XCG < Xi ⎤⎦ for i = (1, 2,..., 9 ) , and A and ω are
i

customizable parameters. The variables YCG and XCG are the lateral and longitudinal
locations of the vehicle center of gravity, yLW denotes the lane width, and Xi and Xw are
the longitudinal locations of the objects and the provided feedback. The torque, Taux,
provided a steering wheel vibration that was used as a method to notify drivers of
pending for obstacle avoidance. By combining Equations (6.2) – (6.8), a second order
differential equation was derived for the desired steering angle as
T

I TRθd = TSW + ⎡⎣ K1* , K 2* , K 3* , K 4* ⎤⎦ ⎡⎣Tassist ,Talign ,Tes ,Tstat ⎤⎦ +
⎡⎣ K 5* , K 6* ⎤⎦ ⎡⎣Tstiff ,Tdamp ⎤⎦ + Asin (ω t )
T

(6.9)

Equation (6.9) constitutes a simplified reference model for the steering dynamics
based on a hydraulic power assisted system. By using the control input defined in
Equation (6.5), it is possible to track the desired steering wheel angle, θd, with the
steering wheel displacement, θSW, while providing the driver with a realistic steering
‘feel’.
A second, detailed hydraulic steering system model was used for comparisons
between the gathered instrumented vehicle data testing and laboratory simulator testing.
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This supplemented model was based on a hydraulic steering system with the governing
equations of motion given by

1
⎡TSW − BSC (θSW − θSP ) − kSC (θ SW − θ SP ) − T fr, sc ⎤⎦
θSW =
I SW ⎣

(6.10)

where θ SW ,θSW ,θSW denote the steering wheel angular position, velocity, and acceleration,
respectively, while θ SP and θSP represent the spool valve angular position and velocity.
The constants ISW, BSC, kSC, and Tfr,sc denote the lumped steering wheel and column
moments of inertia, damping, stiffness, and dry friction. The torque, TSW, is the input
torque provided by the driver on the steering wheel.
The spool valve’s motion is based on the torsion bar windup, and can be
described by

1
⎡ kSC (θ SW − θ SP ) − ktbarθ tbar ⎤⎦
θSP = θSW +
BSC ⎣

(6.11)

with ktbar denoting the stiffness and θtbar the angular displacement of the torsion bar. The
torsion bar’s angular displacement is a function of the spool valve and steering rack
displacements, yrack, where θtbar and yrack can be described as

θ tbar = θ SP −


yrack =

1
mrack

yrack
rpn

⎡ ktbar
⎤
⎞
2k ⎛ y
θ tbar − Brack yrack − Ffr,rack − LK ⎜ rack − θ rw ⎟ + Fboost ⎥
⎢
nLK ⎝ nLK
⎠
⎢⎣ rpn
⎥⎦

(6.12)

(6.13)

The parameter rpn represents the radius of the pinion gear, while mrack, Brack, and Ffb,rack,
denote the steering rack’s mass, damping, and inherent friction. The constants kLK and
nLK represent the steering linkage’s stiffness and ratio of steering wheel angle to road
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wheel angle, θrw. Finally, Fboost represents the power assist force, which is dependent on
the torsion bar displacement.
To fully define the system, the road wheel angle, θrw, must be described such that
the governing equation of motion becomes
⎤
⎞
1 ⎡ ⎛ yrack
θrw =
− θ rw ⎟ − BW θrw − T fr , kp − T fb ⎥
⎢ k LK ⎜
⎠
I W ⎣ ⎝ nLK
⎦

(6.14)

The road wheel angle is a function of a feedback torque, Tfb, acting on the wheels. The
constants BW and IW constitute the lumped wheel damping and inertia, while Tfr,kp
represents the kingpin friction. The feedback torque is a combination of three steering
moments caused by the vertical forces, Mv, lateral forces, ML, and aligning moments,
MAT, each described as
M v = − ( Fz,l + Fz, r ) d s sin λ sin δ + ( Fz,l − Fz, r ) d s sin ν cos δ

(

)

(6.15)

M L = Fyl + Fyr rw tan ν

(6.16)

M AT = ( M z,l + M z, r ) cos λ 2 + ν 2

(6.17)

where Fz,l, Fz,r, Fy,l, and Fy,r represent the vertical and lateral forces on the left and right
tires. The left and right tire moments are signified by Mz,l and Mz,r. Additionally, the
lateral offset of the steering axis, kingpin inclination angle, and kingpin caster angle are
denoted by ds, λ, and ν, respectively. Thus, the resultant feedback torque becomes
T fb = M ν + M L + M AT

(6.18)

Through combination of Equations (6.10) - (6.18), the steering torque, TSW, may
be isolated, leading to a control structure described as
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TM = TSW + Tes + Taux

(6.19)

where TM is the output torque generated by the motor which acts on the steering column.
Supplementing TSW are Tes, an end stop torque provided at the maximum designed
steering wheel angle per Equation (6.6), and Taux, the same auxiliary feedback torque
described in Equation (6.8). By using this control methodology, the driver is provided
with a realistic ‘feel’ based on the tire moments and forces, and steering system stiffness,
damping, and friction.
The first model described a methodology for implementing the steer-by-wire
system in the vehicle. Specifically, Taux in Equation (6.9) and (6.19) from the two
models allow direct mapping from the simulator laboratory to the vehicle environment.
For the human subject testing study described in the following section, the second model
was integrated into the high-fidelity simulator. A popular small sport-utility vehicle
(SUV) was chosen as the target vehicle including appropriate steering system parameters
(refer to Table 6.1).

During subject testing, various levels of amplitude, A, and

frequency, ω, of Taux where chosen to identify the feedback levels based on driver
preference and performance.
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Table 6.1: Model parameters used for steering model, which accurately re-create a 2006
Honda CR-V hydraulic steering system
Parameter
Value
Unit
Parameter
Value
Unit
Brack
0.136
kg/s
ktbar
67.8
N⋅m
2
BSC
1.423
kg⋅m /s
mrack
29.4
kg
2
Bw
900
kg⋅m /s
nLK
0.118
m
ds
0.063
m
rw
0.341
m
Ffr,rack
44.5
N
rpn
7.37E-3
m
2
ISW
6.78E-5
kg⋅m
λ
0.232
rad
2
Iw
1.356
kg⋅m
ν
0.037
rad
kLK
48.8E-3
N⋅m
Tfr,SC
0.6
N⋅m
kSC
33.9
N⋅m
Tfr,kp
80
N⋅m
6.3 Three-Channel Feedback Trial Study
Traditionally, a single individual who receives feedback through visual, haptic,
and auditory mediums has operated roadway vehicles. In Figure 6.5, the human-vehicleenvironment feedback control system is displayed. The vehicle receives driver input
through the throttle, brake, steering, and transmission gear control channels. In turn, the
vehicle and environment provide feedback to the driver by means of visual, haptic, and
audio cues. This feedback helps the driver to make proper decisions and provide further
inputs to the vehicle, thus, completing the feedback loop. It is important to note that the
visual feedback channel also presents environment and traffic information to the driver,
which changes continuously.
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Input

DRIVER

Feedback channels

Output

Control Channels

HAPTIC
AUDIO
VISUAL

THROTTLE
BRAKE
STEERING
TRANSMISSION

VEHCLE

ENVIRONMENT

Vehicle-environment interface

Figure 6.5: Human-vehicle feedback control system with environmental interactions
As shown in Figure 6.6, three levels of in-vehicle operator notification have been
created. This approach differentiates and accommodates different types of driver
feedback channels into the vehicle operational control. For low priority circumstances,
the communication is directed to the driver by visual, haptic, and audio interface
channels. These channels can notify the driver of the imminent condition and also
recommended actions to be taken. On the other hand, if the sensed action is of very high
priority (Level III), the vehicle safety control system (VSCS) sends direct inputs to the
vehicle control systems such as throttle, brake, and steering to bring the vehicle within
safe operating conditions.

In this instance, flashing LEDs alert the driver that the

vehicle’s on-board VSCS has assumed control of the vehicle. The driver is removed
from the control loop allowing for automated control of the vehicle (e.g., Ferrara and
Paderno, 2006).
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FEEDBACK
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Figure 6.6: Three level architecture for in-vehicle operator notifications
Auditory feedback can be presented to the driver in many forms; however, chimes
or tones are used for this study. Warning chimes and tones have been found useful in
being omni-directional, demanding less attention compared to voice tags in addition to
being language independent (Lloyd et al., 1998). During this laboratory study, a single
beep (very similar to the sound of a vehicle’s horn) is produced through the vehicle’s
interior speakers. This single tone provides feedback alerting the driver that an object
lies directly ahead of the vehicle on it current travel path.
Visual cues can be channeled through simple lights such as the LEDs, or through
more detailed graphic displays such as LCD monitors. For this study, two red LEDs
were introduced into the vehicle’s cockpit to provide visual feedback. The LED’s were
contained in a “black box” located on top of the dashboard directly above the steering
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wheel. The red LED’s were selected due to their association with warning and danger
within society.
Haptic feedback (Griffiths and Gillespie, 2005) demands minimal attention from
the driver thus reducing the driver distraction time. To provide haptic feedback, a motor
was connected directly to the steering rack of the vehicle (note: motor already existed
within the driving simulator). Vibrations in the form of a sine wave were created by the
motor and communicated to the steering wheel. During testing, it was confirmed that the
test participants experienced these vibrations while driving the simulator.
To study the effects of the different warning devices, a custom test road was
created in CarSim™ (refer to Figure 6.7). A six lane interstate model was used with a
center concrete median of two meters high and a 30m high wall located 3.5m from the
right edge of the road. The road is 4572m long with 13 turns. Four obstacles were
placed in the center lane of the roadway located at 700m, 1200m, 1750m, and 2400m.
The obstacles placed were four orange traffic cones spanning the entire lane width. A
0.25m bump was placed directly behind the cones to identify whether the cones were hit.
The placement of the cones was chosen such that their visibility was smallest prior to
arriving at their location in order to minimize early avoidance.
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Figure 6.7: A driver obstacle from roadway driving scenario
To complete the driver testing, an approved human subject protocol was utilized
that required the participants to complete a variety of driving tasks (e.g., Enriquez and
MacLean, 2004). For instance, four obstacles were placed at intervals along the virtual
test roadway. Each obstacle was placed in the center lane of the three lanes. Two
variations of testing were conducted using the developed simulation environment. The
first study was used to determine the effectiveness of using a all three feedback methods
together for obstacle avoidance. In Table 6.2, the feedback condition (e.g., on or off)
associated with a given obstacle has been determined a priori by the subject number.
The second study was conducted to evaluate the difference, if any, in driver
obstacle avoidance performance for each separate warning medium. Improvements in the
driving scenario were sought to reduce the interference from visual recognition that was
identified during the first series of tests. First, the road elevation was modified to place
each obstacle at the top of a hill, allowing for less visual recognition of the obstacle
before encountering each object. Second, one of the warning methods was singled out
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for each obstacle with one obstacle received no warning.

The revised test plan is

presented in Table 6.3.

Table 6.2: Summary of global obstacle warnings; sequence
repeated after first twelve driving subjects
Obstacle
Subject
1
2
3
4
1
Off
On
Off
On
2
Off
Off
On
On
3
Off
On
On
Off
4
On
Off
On
Off
5
On
Off
Off
On
6
On
On
Off
Off
7
Off
On
Off
On
8
Off
Off
On
On
9
Off
On
On
Off
10
On
Off
On
Off
11
On
Off
Off
On
12
On
On
Off
Off
During each study, the feedback warning would only occur while the vehicle was
traveling within the center lane. This allowed for the driver to receive no warning if they
have already moved the vehicle out of the path of the object. The feedback channels
were set to turn on when the driver was 1.4s from hitting the object when traveling at a
speed of 50mph (80.5kph). They turned off immediately after the driver passed the
obstacle or was outside the path of the obstacle. A 1.4s warning time was given as it
provided the minimal amount of distance required to avoid the obstacle safely while
maintaining control of the vehicle. The speed of 50mph (80.5kph) was chosen since it
created a degree of difficulty during some of the turns in the scenario and simulated
regular highway speeds.
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Table 6.3: Modified obstacle warning test matrix; sequence repeated after first twelve
driving subjects
Obstacle
Subject
1
2
3
4
1
None
LED
Audio
Haptic
2
Haptic
None
LED
Audio
3
Audio
Haptic
None
LED
4
LED
Audio
Haptic
None
5
None
LED
Audio
Haptic
6
Haptic
None
LED
Audio
7
Audio
Haptic
None
LED
8
LED
Audio
Haptic
None
9
None
LED
Audio
Haptic
10
Haptic
None
LED
Audio
11
Audio
Haptic
None
LED
12
LED
Audio
Haptic
None
Before starting the test scenario, the subject was told of two objectives for the test,
maintaining 50mph (80.5kph) while keeping the vehicle in the center lane and avoiding
any obstacles that may be present in their lane. They were to attempt both objectives to
the best of their ability. The driver was also notified that various warning devices may go
off alerting them to an obstacle in the roadway ahead, but the warning device will only go
off if they are in immediate danger of hitting the obstacle.
Each subject was allowed to pre-drive the test roadway without any obstacles in
place to allow the driver to familiarize themselves with the driving simulator and vehicle
dynamics. After a three-minute initialization, the testing portion was conducted with the
driver asked to maintain a speed of 50mph (80.5kph) while staying in the middle lane.
They were to leave the middle lane only to avoid hitting one of the obstacles.
The first laboratory subject-in-the-loop tests focused on the integration of audio,
visual, and haptic warnings to notify drivers of imminent dangers while operating a

106

driving simulator. The preliminary results were gathered using six subjects to test each
of the feedback channel configurations. As shown in Figure 6.8, the experimental results
are graphically displayed as the percentage of obstacles hit with the feedback warnings
“on” and “off”. Initial testing was performed with the feedback system turned “on” and
“off” (refer to Table 6.2) for the given obstacles. The first obstacle was hit three different
times (100% of drivers) when the feedback was turned “off”. The only other obstacle
that was hit with the feedback in either the “on” or “off” position was the third obstacle
which was hit once (33% of drivers) without feedback. In all instances with the feedback
turned “on”, the warning systems successfully alerted the driver of the oncoming
obstacle.

% of Obstacles Hit

100%

Warning Off
Warning On

80%
60%
40%
20%
0%
1

2

3

Obstacle Number

4

Figure 6.8: Graphical display of obstacle number versus percent of obstacle encounters
with/without warning
Obstacle one showed a significant difference between the percentage of obstacle
hits with and without feedback warning while obstacle three demonstrated a marginal
difference. Obstacle one also had the least amount of visual recognition while driving,
requiring the driver to have a greater reliance on the warnings for avoidance. This factor
contributed to the obstacle’s high incident rate. Obstacles two and four were placed in
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straight-aways, which resulted in a longer visual recognition of the obstacle. This may
explain the indifference between the number of obstacles hit with the feedback warning
being either “on” or “off”.
For the second experimental setup, each subject completed the specified
laboratory test profile with the results summarized in Table 6.4 and Figure 6.9. Table 6.4
lists all the obstacles with hit events denoted by an “X” next to the warning that was
received for that particular obstacle. The obstacle of most interest is obstacle number two
which offers a clear separation of effectiveness between the three warning methods. The
audio and haptic warning strategies demonstrated a 100% and 33% avoidance success
rate, respectively. The LED warning did not result in any missed obstacles, as did the
trials with no warning given. In addition, the LED warning was not identified once while
the haptic warning was not distinguished on four separate occasions.

# of Obstacles Missed

3

2

1

0
LED

Haptic

Audio

None

Warning Method

Figure 6.9: Results for obstacle two separated by warning method; the audio warning
was most effective
A second clear trend is the occurrence of driver “learning” to spot the obstacles,
which led to the creation of better avoidance procedures by the driver. Every test subject,
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except for the fifth individual, hit the very first object. This is most likely explained to
them unaware of the physical description of the object. The one person who did avoid
the first obstacle struggled to maintain the 50mph (80.5kph) speed limit allowing for
more time to avoid each obstacle. By the third obstacle, each subject was aware of what
to look for which led to better obstacle visual recognition and avoidance regardless of the
warning given. In addition, four of the five unregistered warnings occurred for the third
and fourth obstacles.
Based on the results of the two three-channel studies, a refined obstacle avoidance
warning system was developed utilizing the strengths of the driving simulator, fully
customizable steering feel. The following sections discuss the developed study.

Table 6.4: Complete results of all twelve modified trials from Table 6.3; “X” symbol
denotes driver hitting obstacle
Obstacle
Subject
1
2
3
4
1
X
None
X
LED
Audio
Haptic
2
X Haptic X
None
LED
Audio
3
X Audio X Haptic
None
X
LED
4
X
LED
Audio
Haptic
None
5
None
LED
Audio
Haptic
6
X Haptic X
None
LED
Audio
7
X Audio X Haptic
None
LED
8
X
LED
X
Audio
Haptic
None
9
X
None
LED
Audio
Haptic
10
X Haptic X
None
LED
Audio
11
X Audio X Haptic
None
LED
12
X
LED
Audio
Haptic
None
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6.4 Haptic Feedback Warning Study
For this study, the steering feedback was supplemented to provide customizable
vibration as a method for collision warning. The Danaher Motion torque control motor
(refer to Figure 6.2) was used to provide the warning feedback in the harmonic
waveform, A⋅sin(ω⋅t).

Various levels of amplitude and frequency where chosen to

identify optimal feedback levels based on driver preference and performance. The motor
was capable of providing continuous stall torque of 11.6Nm and peak torque of 16.8Nm,
far exceeding the requirements for this study. Three feedback levels (high, medium, and
low) of both amplitude and frequency were selected to create nine combinations of
feedback (refer to Table 6.5 and Figure 6.10). The three levels were chosen to provide
discernible differences between each level without making drivers feel uncomfortable.
Analyzing all of the participants’ selections will provide a general consensus for feedback
optimization.

The steering model was created using the Matlab Simulink software

package. Real-time control of all steering parameters including the feedback variables
was possible using dSpace Control Desk to interface with the dSpace board.
CarSim® software was used to create a custom driving roadway for this study. A
six-lane divided highway environment was created including rural landscaping to
simulate real-world conditions. Figure 6.11 shows a screen shot from the test roadway,
which is 22.578km long including seven right hand turns and five left hand turns with
elevations reaching 18m. The course was constructed as a loop ending where the
participant started; however, the loop was only driven once.
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Table 6.5: Haptic Feedback Levels
Haptic Feedback Function: A⋅sin(ω⋅t)
A (N·m)
ω (rad/s)
2.9
65
7.0
100
13.1
150

Figure 6.10: Graphical representation of the three levels of sinusoidal haptic feedback
(- A=13.1N·m, ω=65rad/s -- A=7N·m, ω=100rad/s -⋅ A=2.9N·m, ω=150rad/s)
Ten sets of three black cones were used as obstacles while one false positive was
given to each participant. The cones were strategically placed in the center lane of the test
roadway in intervals ranging from 975m to 4590m apart. The locations of the cones were
selected to minimize the driver’s awareness until the feedback was transmitted. Six other
sets of black cones were randomly placed in the left and right-hand lanes to avoid
obstacle anticipation by the driver. Black cones were selected based on their relatively
inconspicuous appearance on the simulated roadway. Speed limit signs were also placed
along the sides of the roadway to remind the driver to maintain a constant speed, as well
as to make the simulation more realistic.
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Prior to each trial, the participant was asked to complete a survey (refer to
Appendix B) consisting of driver demographics and driver history. The trial consisted of
three driving scenarios; the first was used for the subject to familiarize themselves with
the driving simulator visuals and vehicle dynamics. The second and third scenarios are
identical and include obstacles. Trail two does not include any feedback, while trial three
includes haptic feedback.

The preparatory course was identical to the test courses

without the obstacles. If the participant did not reach an appropriate level of comfort
within ten minutes of driving the simulator, the remaining testing procedures were
discontinued.
Once acclimated to the simulator, participants were asked to drive the entire
length of the test course while remaining in the center lane and maintaining a velocity of
113kph (70mph). The subject was asked to deviate from the center lane only to avoid any
encountered obstacles. If either corner of the front of the vehicle was inside the center
lane at the location of the obstacle, it was counted as being hit. The rear of the vehicle
was not taken into consideration as it was assumed the yaw rate would not reach large
enough values for the rear of the vehicle to strike the obstacle while the front did not.
The haptic feedback was initiated 150m prior to each of the obstacles, which
provided the driver approximately five seconds to respond to the feedback, allowing for
typical human decision/reaction time followed by the time necessary for the driving
maneuvers (Hutchinson, 2008). The feedback was then disengaged when the center of the
vehicle exited the center lane or when the vehicle reached the location of the obstacle. A
missed warning and false positive notification were included to further study the driver’s
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behavior and trust in the warning signals. The feedback levels (including the miss) were
randomly assigned to each obstacle with no two subjects repeating the same order of
warnings. The false positive was given at the same location to all subjects.

Figure 6.11: Test roadway with driving obstacles
At the conclusion of the driving scenarios, the participant was asked to rate the
different steering feedback levels as: poor, unsatisfactory, neutral, satisfactory, or
excellent, based on personal preference. To ensure that the driver experiences all of the
different levels of haptic feedback, the amplitude and frequency was changed for each
obstacle in real time. Additional information was recorded when provided by the
participant. The subject preference and demographic surveys can be found in Appendix
B.

6.5 Experimental Results
For this case study, m=25 subjects participated ranging in age from 18 to 54, with
19 males and 6 females. Data was collected during each trial including the following
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vehicle parameters: yaw rate dψ/dt, velocity at the center of gravity, VCG, station, S,
lateral displacements of the center of gravity, YCG, steering wheel angle, θSW, and each
wheel’s lateral position, Yj for j=[L1, L2, R1, R2].
Nine auxiliary torque, Taux, feedback levels based on the amplitude, A, and
frequency, ω, were selected (refer to Table 6.5). The three levels were chosen to provide
discernible differences between each without making drivers feel uncomfortable. The
analysis of the participants’ selections will provide a general consensus on feedback.
In addition to the recorded vehicle variables, the steering wheel angular velocity,
dθSW/dt, was calculated based on the measured θSW, while the total commanded steering
l

wheel angle, ζSW, for each trial was computed by ζ SW =

∫θ

SW

dt . The last variable of

t =0

interest was the distance at which the subject maneuvered the vehicle into the other lane
to avoid an obstacle collision. This variable, XRT, was defined as the longitudinal
difference between the given obstacle and the vehicle fully entering the adjacent lane. In
the event of a collision, XRT was assigned to be zero.
To determine whether an obstacle was struck, the lateral positioning of the front
wheels, YL1 and YR1, was compared to the known location of each obstacle. The total
number of obstacles hit, HΣ, and the rate percentage at which obstacles were hit, Hγ=HΣ/9,
was tabulated for each driving event. A comparison of the control and feedback trials was
completed to determine the net effect of the haptic feedback on driver performance. To
directly compare many of the chosen variables between these trials, the subject needed to
use the same lane (either right or left) to successfully maneuver around the obstacles. In
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instances of hit obstacles or when the opposite lane was used, no comparison between the
two trials was considered for the given cone. The one exception was XRT as it was
independent of lane choice.
The analysis of results from the two trials for each test subject has been
summarized in Table 6.6. In general, the driving performance was improved with
feedback; the overall hit rate for the ten- obstacle course was 12% lower when subjects
received the feedback. The improvement was confirmed using a chi-squared (null
model=random improvement) statistical analysis method, wherein a significant result
(p=0.0001) was found. A similar statistical analysis was performed on driver
performance, based on hit obstacles, for the different levels of feedback torque
amplitudes and frequencies. When distinguishing between the different levels, no
statistical significance was shown in driver performance for the three amplitudes or
frequencies (p=0.504). The average total steering input

was nearly

( ζ SW ,control =1,602deg,

the

ζ SW , feedback =1,608 deg) between

identical

two trials. Additionally,

between the control and feedback trials, θ SW , p decreased by 2.7%; ψ p decreased by 1.9%;
XRT increased by 108% (9.6m or 31.5ft). By contrast, θ p increased by 2.1 deg/s. In other
words, the distance increase of 9.6m (31.3ft) demonstrates that the drivers were able to
perform evasive maneuvers in response to the hazardous situation earlier, thus causing a
reduction in peak steering input and vehicle yaw rate. This data signifies positive results
and safer driving conditions.
To offer more insight into the laboratory findings, the specific performance of one
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human test subject will be examined. Subject 7 had similar performance results to the
overall testing group with improvements of Hγ=11%, θSW,p=12.3% (4.5 degrees of less
steering input), ψ p =14.2% (0.9 degree per second reduction in peak vehicle yaw rate),
and XRT=128.2% (11.4m or 37.2ft increase in distance of the lane change maneuver from
the obstacle) between trials two and three. Figure 6.12 highlights the reaction distances
for each of the obstacles, neglecting the ‘miss warning’ obstacle (identically placed for all
subjects) where no feedback was provided. In general, the feedback reaction distances
were over 20m (65.6ft) with obstacle 7 the one exception (15m or 48.9ft). Additionally,
the distances for the feedback test were generally 10m greater (obstacles 1, 3, 4, 6, and 9)
in comparison to the control test. The earlier a driver can detect and react to an obstacle
in the road, the better their performance during a lane change maneuver due to safe,
controlled vehicle inputs. The haptic feedback designed in this study has shown
consistency in providing drivers an equal, or increase, in obstacle detection and reaction
distance.
In Figures 6.13a and 6.13b, sample graphs of θSW and ψ p , for Subject 7’s first
obstacle are shown. Both the control and feedback trials have been included; the locations
of the obstacle and subsequent lane change are identified. Both θSW,p and ψ p were higher
for the control test, while the lane change occurred further away from the obstacle during
the feedback test. The higher peak steering and yaw rate, θSW,p and ψ p , can be attributed
to the reduced reaction distance for the control trial. Without the haptic feedback, the
driver became aware of the obstacles with less distance to complete the lane change

116

maneuver, leading to a higher steering angle input and increased vehicle yaw rate.
Table 6.6: Subject data including survey results (driving experience, feedback timing, and
system desirability), commanded steering angle (ζSW) and obstacle hit percentage (Hγ)
(for control and feedback trials), and improvement variables (Hγ, θSW,p, ωSW,p, dψp/dt, XRT)
Survey
ζSW (deg)
Hγ (%)
Driving
Feedback System
Subject Exp
Control Feedback Control Feedback
Timing Desirability
(yrs)
1
10
Correct
Yes
1618
1592
0
0
2
1
Correct
Yes
1489
11
0
3*
6
Late
Yes
1692
1672
100
67
4
8
Late
Yes
1611
1561
22
0
5
6
Late
Yes
1574
1630
0
0
6
11
Correct
Yes
1608
1606
11
0
7
14
Correct
Yes
1573
1596
11
0
8
5
Correct
No
1566
1602
0
11
9
6
Correct
Yes
1582
1590
11
33
10
7
Correct
Yes
1602
1577
11
0
11
7
Late
No
1573
1627
22
0
12
8
Late
Yes
1599
1613
11
0
13
18
Late
No
1611
1619
11
0
14
12
Correct
Yes
1604
1633
33
0
15
8
Correct
Yes
1613
1619
0
0
16
16
Late
No
1612
1622
44
0
17
37
Correct
Yes
1604
1634
0
0
18
5
Correct
No
1588
1650
0
0
19
15
Correct
Yes
1582
1572
22
22
20
36
Correct
Yes
1592
1566
22
22
21
2
Late
Yes
1583
1614
11
0
22
5
Correct
Yes
1563
1615
11
0
23
4.5
Late
Yes
1651
1658
11
0

0
11
33
22
0
11
11
-11
-22
11
22
11
11
33
0
44
0
0
0
0
11
11
11

14.4
22.1
0.7
-0.8
-0.5
12.3
3.7
4.2
5.5
7.4
-6.6
-17.6
-5.4
3.9
8.7
-1.9
7.4
1.6
-3.5
-3.0
-13.2
2.8

15.8
35.6
-65.9
-0.9
4.9
14.2
4.2
3.7
8.3
9.4
-3.3
-22.3
-2.3
2.4
9.9
3.2
8.2
6.8
-6.7
0.8
-15.7
7.0

233.5
574.3
0.0
86.7
10.4
100.6
128.2
71.0
221.9
25.7
19.3
27.1
27.7
-17.0
46.7
20.4
276.7
213.3
49.0
-28.4
28.4
21.3
75.9

24
25
Average

56 14.2
22 9.4
12 2.7

15.5
13.5
1.9

371.2
122.6
108.3

6.5
4.5
10.3

Correct
Correct
Correct=16

Yes
Yes
Yes=20

1604
1635
1602

1606
1635
1608

56
22
18

0
0
6

Improvement (%)
Hγ θSW,p dψp/dt XRT

*Crashed the vehicle half-way through control trial resulting in limited performance improvement data
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Figure 6.12: Reaction distances, XRT, for test subject 7 during the control and feedback
tests
An analysis using the repeated measures/within subjects analysis of variance
method (Tabachnick and Fidell, 2005) was performed on the driver preference survey
data. No significant interaction (p=0.287) was found between the different amplitudes
and frequencies that were chosen. However, when comparing only the high and low
levels, the significance increases (p=0.17). Specifically, no preference was found for the
amplitude (p=0.253), while preference for higher frequencies was shown at a marginally
significant level (p=0.079). When comparing the high and low frequencies, the p-value
drops to p=0.059 nearing the traditional significance cut off of p=0.05. If the small
sample size and insignificant amplitude effect are considered, then there is an effect with
drivers preferring higher (ω>100 rad/s) frequencies.
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b)

a)

Figure 6.13: Test subject 7, obstacle 1 performance data with control and feedback runs
demonstrating improvements (+ denotes location of lane change, obstacle located at
X=1825 meters) – a) steering wheel angle, θSW, and b) yaw rate, dψ/dt versus longitudinal
distance
The averaged performance for all twenty-five test subjects for each obstacle (1-9)
has been shown in Table 6.7. When feedback was provided for the first seven obstacles, a
decrease in reaction distances was reflected with Obstacle 1 having the greatest
improvement, XRT=43.7m (143.4ft). Peak steering wheel angle improvement ranged from
a high of 8.3 degrees (Obstacle 1) to a low of -0.8 degrees (Obstacle 9). The peak yaw
rate improvement ranged from a high of 3.4deg/s (Obstacle 6) to a low of -2.9deg/s
(Obstacle 3). As previously stated, a ‘miss’ (obstacle present without any warning
feedback provided) was included in the testing to increase the realism of the electronic
feedback system. For the missed feedback, the total number of hit obstacles was identical
between trials with only small differences in θSW,p, θ p , and ψ p experienced. The most
notable difference came from XRT, where subjects reacted to the obstacle 7.7m (25.3ft)
later. This can be explained by the driver’s applying greater reliance on the feedback for
the avoidance of obstacles, rather than their own vision.
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Table 6.7: Hit rates and improvement data for each obstacle (all subjects averaged
together) including the ‘miss’ obstacle (no feedback provided during feedback trial)
Hγ (%)
Hγ
Obstacle Control Feedback
(%)
1
44
0
44
2
16
8
8
3
20
4
16
4
24
12
12
5
8
8
0
6
28
12
16
7
13
0
13
8
4
4
0
9
8
8
0
Average
18
6
12
‘Miss’
12
12
0

n
12
8
12
12
8
16
14
16
14
19

Improvement
θSW,p ωSW,p dψp/dt
(deg) (deg/s) (deg/s)
8.3
-0.5
2.0
1.1
-4.3
0.3
1.5
-4.2
-2.9
3.3
-2.7
0.4
3.0
0.1
0.5
1.8
-4.1
3.4
2.5
-0.5
0.6
-0.7
-2.8
-0.2
-0.8
-0.1
-0.1
2.1
-2.1
0.5
0.2
0.8
0.1

XRT
(m)
43.7
9.5
9.1
9.0
4.8
16.4
3.8
-6.5
-5.1
9.6
-7.7

The first (control) trial established a low control hit rate of 18%, while the second
(feedback) trial improved by 62% to a 6% hit rate (44 compared to 17). The reaction
distance was the most significant improvement as subjects were able to maneuver the
vehicle into a safe lane 9.6m, or roughly two car lengths, earlier without using additional
steering inputs or inducing greater vehicle yaw rates. The only variable to have a negative
effect from the feedback was dθSW,p/dt, averaging a 2.1deg/s increase from control to
feedback trials. This increase may be partially explained by the timing of the haptic
feedback; 36% of the participant’s felt the feedback was given too late, resulting in faster
steering inputs in order to avoid a collision.
In support of the performance data, the subjects were asked to complete a
preference survey of the different feedback levels. A statistical analysis showed that
driver’s had a preference for higher feedback frequencies while being independent of the
amplitude in the haptic feedback torque. Driver performance was improved with higher
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amplitudes. Correspondingly, the high frequency, high amplitude levels resulted in zero
‘hit’ obstacles and the highest satisfaction level per Table 6.5. Based on the three levels
chosen for the feedback parameters, the best choice for amplitude and frequency would
be as high as possible. It is more likely that optimal levels of frequency and amplitude
exist which would result in both highest driver satisfaction and greatest obstacle
avoidance levels. Further exploration of feedback preferences would allow for the
bounding, and thus optimal, level of frequency and amplitude to be determined.
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CHAPTER SEVEN
USE OF INTELLIGENT CONTROL FOR AUTONOMOUS STEERING AND
BRAKING DURING A RUN OFF THE ROAD AND RECOVERY
DRIVING SCENARIO

In this chapter, two autonomous steering controllers with integrated differential
braking will be developed and applied in a ROR scenario numerical simulation. The
CarSim software package was used to create the simulated roadway and generate the
vehicle dynamics. The CarSim model was exported into Matlab/Simulink wherein the
steering and braking controllers, as well as the actuators (e.g., steering rack motor, brake
retarder at each wheel) for the vehicle systems, were modeled and connected to the
CarSim block. A high-level block diagram of the system simulation is shown in Figure
7.1. CarSim acted as the vehicle sensors (e.g., accelerometers and speed sensors) as well
as the vehicle instrumentation (e.g., global positioning system), providing all of the
output data, while the reference corresponds to the roadway geometry (e.g., lane
boundaries and road trajectory).

7.1 Validation of Road Model
In support of the ROR controller development, in-vehicle testing was conducted
at the Michelin Laurens Proving Grounds (LPG) using an instrumented vehicle. Vehicle
data was collected during several ROR tests performed by a trained Michelin test driver
using a popular four-door sports sedan (BMW 325i). Figure 7.2a shows the vehicle on
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the test track while Figure 7.2b shows the instrumentation setup. The data collected
included: time, vehicle speed, individual wheel speeds, yaw rate, three-axis accelerations,
steering wheel angle, steering wheel velocity, throttle percentage and brake pressure.

Figure 7.1: Block diagram highlighting the various components of the simulations
including reference inputs, two controllers, steer and brake actuators, vehicle plant, and
sensor feedback with parameter estimation
One of the difficulties of a ROR simulation is accurately capturing the key
characteristics of the roadway. There are many different road grades, surface types,
profiles (e.g., road and shoulder heights), dimensions, and even weather conditions that
can become a factor. However, for the development of each controller in this study, a
generalized road design similar to the LPG test track has been chosen.

The selected

roadway consisted of a long, straight section of pavement that included two lanes (one in
each direction), each four meters (13.1 ft) wide. Several variations of the roadway
surface friction (µroad = 0.7 and 0.8), shoulder surface friction (µshoulder = 0.25 and 0.4),
and height differences between shoulder and pavement (hdiff = 0, 0.025m or 1in, and
0.08m or 3.1in), were used to observe the robustness of each controller design. The
surface friction levels were chosen to represent a ‘normal realistic roadway’ condition

123

and a more extreme, ‘worse-case-scenario’ condition. The normal condition, which is
similar to the LPG track, uses friction levels of µroad = 0.7 and µshouder = 0.4 that represent
dry, slightly worn asphalt and gravel, respectively. The worse-case scenario condition
with µroad = 0.8 and µshoulder = 0.25 represents new asphalt and ice conditions,
respectively (Noyce et al., 2005).

a)

b)

Figure 7.2: a) ROR Test vehicle demonstrating the two-wheels-off position of a ROR
situation, b) Instrumentation, placed in the rear seat, used to collect vehicle data during
testing at Laurens Proving Grounds
In order to validate the roadway and its characteristic parameters, comparisons
between the simulated results and the in-vehicle testing data was conducted.

The

Matlab/Simulink simulation was executed using conditions as close to the LPG vehicle
testing as possible. The normal condition roadway was used with hdiff = 0.025m. Vehicle
speed was maintained at 75kph while the sedan was brought into the two-wheels-off
position parallel to the roadway. In addition, identical steering inputs were used to
recover the vehicle.
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The CarSim vehicle dynamics have been shown to be reliable and accurate
(Kinjawadekar et al., 2009; Rieveley et al., 2009). Additionally, the built-in CarSim tire
model was used for all simulations.

This allows for the direct comparison of the

instrumented vehicle test results and the software simulation data to verify the chosen
roadway.

Overall vehicle motion was considered to be the primary parameter for

comparison. If the simulation showed similar vehicle motion, namely lateral motion, to
the actual vehicle tested, then the roadway was considered a good representation for a
ROR scenario. Two additional vehicle variables, yaw rate, ψ , and lateral acceleration,
ay,CG, were used to supplement the comparison and to help to refine the roadway design
parameters.
Figures 7.3 and 7.4 show the lateral position of the test vehicle and simulated
vehicle respectively at its furthest most positive position (as measured from the center of
the road). The instrumented vehicle test was video-recorded to provide a visual reference
in conjunction with the collected data. Similarly, the simulation software included a
built-in graphics program to animate the vehicle motion based on the vehicle dynamics
calculations, thus providing a similar reference view of the test. The test track was
visually estimated using videos of the testing; this provided the best solution to determine
vehicle positioning. Assuming a vehicle track width, ytw = 1.5m (5ft), and estimating the
distance of the vehicle from the roadway edge using vehicle widths, the maximum lateral
vehicle displacement, yCG,max, may be calculated as 9m (30ft). Calculation of yCG,max for
the simulation is more straightforward using the vehicle center of gravity lateral
displacement data (refer to Figure 7.4b). The simulation resulted in a total vehicle
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displacement of yCG,max = 8.5m (27.9ft), less than a 10% difference from the results found
in the instrumented test.

Figure 7.3: Picture of the vehicle test highlighting the lateral vehicle motion using car
widths numbered 1-6 (equivalent to 2.66 lane widths)

a)

b)

Figure 7.4: a) View from above of the simulated vehicle at the moment of peak lateral
displacement, and b) lateral position data of vehicle during simulated test
To supplement the lateral displacement analysis between the two tests, an analysis
of vehicle yaw rate and lateral acceleration was performed.

Both parameters were

collected for the instrumented vehicle, enabling direct comparison of the two variables
shown in Figures 7.5 and 7.6.

The overall shape and transient behavior of the ψ and

ay,CG curves are very similar; however, the peak magnitudes of the instrumented vehicle
are nearly double that of the simulation. The two yaw rate plots overlap each other from
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0 < t < 0.3s. By t = 0.7s, ψ LPG = 37.3 (deg/s) compared to ψ sim = 15.7 (deg/s). From t =
1.3s until the end of the maneuver ( t ≈ 3.5 s), the two data sets oscillate about each other,
reaching minimums of ψ LPG,min = −31.0 deg/s and ψ sim,min = −27.7 deg/s, respectively.
The lateral acceleration responses for the two tests exhibit similar behaviors to the yaw
rate response.

The initial rise in acceleration occurs 0.1s faster for the simulation

( t ≈ 0.25 s compared to t ≈ 0.35 s). The peak positive accelerations differ by as much as
0.5g’s at t = 0.85s; however, transient behaviors occurring between 1.66 < t < 1.95s
correlate extremely well. Final steady-state values of the LPG testing range between
-0.7g’s and -1.0g’s, while the simulation’s steady-state value holds steady at -0.57g’s, or
roughly 25% lower.

Figure 7.5: Vehicle yaw rate, ψ CG , data for the CarSim simulation and field-testing at
Laurens Proving Grounds
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Figure 7.6: Vehicle lateral acceleration, ay,CG, data for the CarSim simulation and fieldtesting at Laurens Proving Grounds
Two factors can account for the variation between the instrumented vehicle test
results and the numerical simulation findings.

First, the instrumented vehicle

performance data is slightly higher than the expected capabilities of the vehicle. Lateral
accelerations over 1g are not typical for a four-door sports sedan with performance tires.
Based on performance testing by independent sources, 0.85-0.9g would be closer to the
lateral acceleration limit for such a vehicle (Allen, 2010). If a lower and more reasonable
range for peak lateral acceleration, ay,CG, of the LPG testing is used, then the comparison
demonstrates a more smaller error between the vehicle test and numerical simulation.
Second, differences existed between the driven vehicle (BMW 3 series with performance
tires) and the simulated vehicle (Mercedes C-Class) with accompanying tire models.
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Insufficient information regarding the tested vehicle, and more critically, the tires, likely
reduced the overall peak performance capabilities of the simulated vehicle.

7.2 Development of Controllers
To develop autonomous steering and braking controllers, a mathematical
description of the general vehicle motion, as well as the various vehicle subsystems, was
necessary. In this study, a reduced two degree-of-freedom bicycle model (shown in
Figure 7.7) has been used with a body fixed coordinate system (x,y). The longitudinal,
lateral, and moment equations about the vehicle’s center of gravity may be written as
max = Fx, f cos δ + Fx,r − Fy, f sin δ + mψ y
may = Fy, f cos δ + Fy,r + Fx, f sin δ − mψ x

(

)

(7.1a)
(7.1b)

(

)

Iψ = A Fx, f sin δ + Fy, f cos δ − BFy,r + 0.5 ( A + B ) Fx, f ,r − Fx, f ,l cos δ +

(

)

0.5 ( A + B ) ( Fx,r,r − Fx,r,l ) + 0.5 ( A + B ) Fy, f ,l − Fy, f ,r sin δ

(7.1c)

where m is the vehicle mass, I is the vehicle’s moment of inertia, a is the acceleration at
the vehicle’s center of gravity (CG), ψ is the angle of the vehicle’s center line relative to a
fixed reference frame, F is the tire force, δ is the augmented steering angle, and A and B
are the distances from the vehicle’s CG to the front and rear axel, respectively. During a
ROR situation, large steering inputs are used for vehicle maneuvering while both lateral
and longitudinal velocities are variable, eliminating any simplifications to Equations
(7.1). As a result, the governing equations of motion are nonlinear and coupled.
For the developed controllers to autonomously regulate the steering and braking
systems, the vehicle must be equipped with steer-by-wire and brake-by-wire electronic
systems.

Both ‘by-wire’ systems have been extensively developed by automotive
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companies and research agencies, but few examples have reached commercial viability
for passenger or commercial vehicles.

Figure 7.7: Reduced order vehicle model including yaw angle, ψ, steer angle, δ, and
front/rear: slip angles, α, lateral forces, Fy, and longitudinal forces, Fx
A project performed by Yih and Gerdes (2005) retrofitted a late-model passenger
vehicle with a steer-by-wire system. The authors de-coupled the rack and pinion steering
system, and using electronic sensors and actuators they connected a haptic system to the
steering column and steering rack. Specifically, a handwheel angle sensor and feedback
motor were attached to the stock steering column to sense the desired operator
commanded steering angle and provide the driver with a steering ‘feel’. Attached to the
factory steering pinion was an actuator (motor) that commanded rotational movement in
the pinion, while an angle sensor measured the pinion movement. To control the system
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actuators, they used a proportional-derivative (PD) feedback controller with feedforward, friction, and aligning moment compensation. Using this controller, the required
torque, τ, of the steering actuator can be related to the desired steering wheel angle, θd,
using the following equations

τ = τ feedback + τ feedforward + τ friction + τ aligning

τ feedback = K p (θ d − θ ) + K d (θd − θ )
τ feedforward = J sθd + bsθd

(7.2a)
(7.2b)
(7.2c)

τ friction = Fs sin (θd )

(7.2d)

τ aligning = kaτˆa α f

(7.2e)

( )

where Kp, Kd, and ka are control gains, θ represents the actual steering wheel angle, and
Js, bs, and Fs denote system inertia, damping, and Coulomb friction constants,
respectively. The aligning moment compensation may be estimated using experimental
data. However, for this study, the aligning moment was calculated by the CarSim vehicle
dynamics package.

This approach simplified the steering system calculations, and

eliminated the need for experimental data relating slip angles, αf, to aligning torques,

τaligning.

For vehicle applications, tire testing would be necessary to determine the

relationship, ka, between αf and τaligning. The time derivatives of θ and θd are numerically
calculated.
A brake-by-wire system is less complex than a steer-by-wire system. Several
studies have proposed electronic braking control methodologies (Underwood et al., 2004;
Park et al., 2005; Xaing et al., 2008). One straightforward model uses an Eddy Current
machine to carry out the braking requirements at each corner of the vehicle; both traction
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and braking are performed by this equipment. Anwar (2004) developed an Eddy Current
machine model for use in automotive applications. For small variations in angular
wheels speeds, less than 500RPM (or 60kph assuming a rolling radius, reff = 0.359m), the
torque generated by the machine, τbrake, is fairly linear with respect to lower levels of
current (ibrake<150A). In addition, the machine time constants to generate the braking
force are much smaller than those of comparable hydraulic systems and/or operator
reaction times (Anwar, 2004). For this study, it was assumed the top vehicle speed varied
between 50-100kph and the current by the brake components for battery charging was
less than 150A. Therefore, the braking torque applied to the vehicle becomes

τ brake = kbibrake

(50kph < vx < 100kph; ibrake ≤ 150A)

(7.3)

where kb was a known constant, and ibrake was the brake generated current.
To safely recover a vehicle from a ROR situation, it was necessary to develop a
strategy for controlling the vehicle steering and braking. This was accomplished by using
a staggered approach to the execution of the controllers. That is, the steering controller
determines the desired steer angle, which the brake controller then uses to calculate the
desired brake forces.
Assumption (A.1): The vehicle travels on the right side of the roadway, and
departs the roadway on the right-hand side. This assumption will be used in conjunction
with a standard SAE vehicle coordinate system throughout this study.
Figure 7.8 illustrates the critical moments in a ROR situation based upon vehicle
behavior and the ideal actions taken by the controllers. The vehicle transitions from
normal driving to a 2-wheels off situation between time t1 and t2. The initial controllers
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actions include deceleration without any steering recovery as shown from t2 to t3 until the
threshold forward velocity is achieved. After which, the steering input and reduced
braking is activated between time t3 to t4. Once the left front wheel returns to the
roadway, the steering input is removed until all four wheels have returned at t5. At this
point, a small clock-wise (CW) steering input is used to straighten the vehicle within the
driving lane as shown at time t6. A driver model (refer to Figure 7.9) was used to
simulate a ROR recovery as performed by a human operator with the results from two
different controller designs compared to the driver model.

Figure 7.8: Typical ROR sequence with critical vehicle conditions and controller actions
identified
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7.2.1 Driver Model
Most ROR-caused crashes and injuries result from poor vehicle recovery due to
drivers unfamiliar with or who do not expect this critical scenario. To evaluate the
control algorithms, a comparison to a typical ‘unexpected, difficult-case-scenario’ vehicle
recovery was sought. The controllers attempted to remove driver error in the event of a
ROR situation, so that a driver expecting such a situation or capable of safely recovering
the vehicle could disable the controller. Otherwise, the control system assumed full
operation of the vehicle for short time period.
Vehicle data was collected while operating the instrumented BMW sedan at the
closed test track described earlier in Section 7.1. The test driver was instructed to steer
the vehicle into a ROR situation, and then recover as an unsuspecting driver would
attempt. This type of recovery includes using a quick, large steering input to return the
vehicle back onto the roadway, followed by an elongated counter-steer in hopes of
maintaining, or more appropriately steering, the vehicle into the correct lane. In other
words, the test driver simulated a normal driver’s initial panicked steering correction,
followed by the return of the vehicle onto the roadway, and typical over-correction once
all four wheels have returned to their normal cornering ability. These steering inputs
produced large lateral vehicle motion, falling-in-line with the motion of many ROR
crashes. Figure 7.9 shows the steering input that was recorded in the vehicle testing and
used as the default driver profile.
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Figure 7.9: Steering wheel angle data used as a model for a typical driver response to
ROR situations (i.e., driver model)
The steering wheel angle, δ, was the only vehicle input supplied for two reasons.
First, drivers are less likely to use the brakes during a recovery process because their
focus is on steering the vehicle back onto the roadway (AAA Foundation for Traffic
Safety, 2006). Second, the application of the brakes is the best initial response a driver
can make (Johnson et al., 2007), which would deviate from the ‘difficult-case scenario’
into a minor scenario.

7.2.2 Sliding Mode Lane Keeping Steer and Brake Controllers
In the control system, independent steering and braking controllers were used to
safely bring the vehicle back into the proper lane without driver involvement. The
steering and differential braking functionality needed to cooperate with each other, while
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maintaining overall vehicle stability. A block diagram of the developed control system is
shown in Figure 7.10.

Figure 7.10: Block diagram for the Run Off the Road recovery controller including a
Lane Keeping steer controller and sliding mode differential braking controller

Steering System
The steering controller was based on a potential field lane-keeping (L-K)
controller previously developed by Rossetter et al. (2003) due to its functionality. The
goal of the ROR steering controller was to guide the vehicle back onto the roadway,
ultimately ending with the vehicle in the center of the lane, parallel to the roadway.
The Rossetter et al. (2003) controller accomplished lane keeping in a steer-bywire vehicle as part of a driver assistance system. The controller supplemented the driver
steering inputs with GPS and other sensory data to determine the proper steer angle to
maintain the vehicle within the prescribed lane. Their steering controller was based on
the quadratic error function, V, given as
V = k ( ela ) = k ( e + xla sin ψ )
2
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2

(7.4)

where k is the potential field gain, and ela is the lane-offset error comprised of the lateral
vehicle position error, e = yCG − yLC , and the vehicle heading error, xlasinψ, so that

ela = e + xla sin ψ .

The variable yLC represents the lane center’s lateral position, xla

denotes the projection distance, and ψ represents the yaw angle between the vehicle and
roadway heading. Figure 7.11 shows a visualization of the different terms comprising the
lane-offset error.
The total vehicle steer angle, δ, of the steer-by-wire system is controlled by

δ = δ driver +

1 ∂V
cosψ
C f ∂e

(7.5)

with δdriver denoting the driver commanded steer angle and Cf representing the front
cornering stiffness. The second term in Equation (7.5) is the steer angle contribution of
the L-K controller where

∂V
= 2k ( e + xla sin ψ ) (Rosetter and Gerdes, 2006). For the
∂e

steering controller, δdriver was set to zero (driver removed from the recovery process) so
that the controller commanded steer input becomes δ L − K =

1 ∂V
cosψ .
C f ∂e

A list of constants used in this study is shown in Table 7.1. A majority of the
parameters in Table 7.1 (A, Aw, B, I, m, Rb, reff, and µb) were functions of the specific
vehicle that was modeled in the CarSim environment. The front cornering stiffness, Cf,
varied based on the surface friction coefficient, µi.

The lane-keeping controller

parameters, k and xla, were adopted from Rosetter et al. (2003). The maximum brake
pressure, Pb,i,max, was chosen as the largest possible applied pressure without causing
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wheel lockup under all road surface conditions. This strategy utilized conservative
braking forces; however, it helped to maintain vehicle stability and turning ability under
low traction conditions. The brake proportioning (i.e., difference between front and rear
brake pressures) was set to provide the maximum amount of total braking force possible.
Typically, the rear brake pressures are kept below the front pressures to help maintain
stability. However, because of how a uniform Pb,i,max was chosen, stability concerns
were minimal and emphasis was placed on vehicle deceleration. The maximum steer
angle, was chosen to approximate standard steering system limitations while allowing for
the full controller to utilize as much steer angle as possible. Finally, a range of controller
gains η and ξ were tested with the optimal value of each used for the full set of
simulations.
When adopting the L-K controller to the ROR and recovery problem, two
assumptions were used.
Assumption (A.2): The vehicle speed remained were below VCG ≤ 100kph during
the maneuver.

Only vehicle speeds common to secondary roads were considered.

Although higher speeds occur on interstates and other well-maintained roadways, these
types of highways typically include wider, more developed shoulders, which mitigate the
ROR condition.
Assumption (A.3): All road friction coefficients, µroad and µshoulder, were assumed
to be known. With the increase of geographical data, real-time traffic and weather
updates, and ‘smart’ infrastructures, road friction levels may be transmitted to the
vehicle. Once the friction levels are known, it is possible to estimate a tire’s cornering
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stiffness, C. For this study, the relationship between tire forces, Fx,i, and slip angles, αi,
Fi=αiC was used to determine the cornering stiffness for each surface friction coefficient
level used.

Figure 7.11: Overhead view of vehicle and roadway with lane offset error terms
identified
Braking System
To indirectly supplement the commanded steering inputs of the L-K controller, a
differential braking strategy, which introduced a yaw moment, M ψ b , through the applied
brakes, was desired.

A braking controller requirement was to use the commanded

steering angle, δ, as an input. In this manner, braking performed by the controller would
assist, rather than oppose the steering action. For example, when a clock-wise (CW)
steer angle is commanded, the braking controller will apply the right-side brake to
produce a clock-wise yaw moment.
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Several previous sliding mode differential braking controllers have been
developed (Yoshioka et al., 1998; Drakunov et al., 2000; Uematsu and Gerdes, 2002; Yi
et al., 2003; and Rajamani, 2006;), each with a unique sliding surface, s. The sliding
surface is a phase plane, or geometrical locus, upon which the controller applies high
frequency switching to create a controller boundary. The most prevalent surfaces
consider the vehicle sideslip angle, β, sideslip velocity, β , yaw rate, ψ , and/or a
weighted combination of those variables such as

s = β + ξβ
s = ψ − ψ t arg et

(7.6a)
(7.6b)

s = ψ − ψ t arg et + ξβ

(7.6c)

(

s = ψ − ψ t arg et + ξ β − βt arg et

)

(7.6d)

In these expressions, the parameter ξ denotes a weighting factor. Note that each
of these four sliding surfaces is based on either β or ψ rather than the desired steer angle,

δ. However, it is possible to relate the desired yaw rate, ψ t arg et , to δ. First, the steer
angle may be equated to negotiating a road of radius R by

δ=

A+ B
+ K v ay
R

(7.7)

where Kv represents the understeer gradient, which is be described as

Kv =

⎡ BCr − AC f ⎤
Bm
Am
m
−
=
⎢
⎥
2C f ( A + B ) 2Cr ( A + B ) 2 ( A + B ) ⎢⎣ C f Cr ⎥⎦
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(7.8)

By setting ay =

x 2
, and substituting Equation (7.8) into Equation (7.7), it is possible to
R

write δ as

δ=

A + B ⎡ mBCr − mAC f ⎤ x 2
+⎢
⎥
R
⎢⎣ 2C f Cr ( A + B ) ⎥⎦ R

(7.9)

Rearranging Equation (7.9) to express the curve radius R in terms of the steer angle δ
results in

1
=
R

δ
A+ B+

(

mx BCr − AC f
2

2C f Cr ( A + B )

(7.10)

)

Using Equation (7.10), the desired yaw rate may be related to δ by

ψ t arg et =

x
=
R

x
A+ B+

(

mx BCr − AC f
2

2C f Cr ( A + B )

)

δ

(7.11)

It is desirable to choose Equation (7.6d) to create a differential braking sliding
mode controller; however, a relationship for βtarget is required. For the ROR recovery
controller, vehicle stability is of critical importance, and as such, it is possible to make an
assumption regarding βtarget.
Assumption (A.4): βtarget = 0.

This assumption supports the desired vehicle

behavior for ROR recovery in that sideslip is approximately zero under full vehicle
lateral stability conditions.
Using Equation (7.11) and Assumption (A.4), the sliding surface described in
Equation (7.6d) may be used to create a differential braking sliding mode controller.
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Equation (7.6d) was chosen since ψ , to account for the desired δ and β to improve
vehicle stability, were critical parameters in the ROR recovery. By knowing the sliding
surface, it is possible to differentiate s and use a control gain η, to create a sliding mode
controller
s = ψ − ψ t arg et + ξβ = −ηs

The variable β may be obtained from GPS and other sensory data.

ψ t arg et =

dψ t arg et
dt

is the numerical time derivative of Equation (7.11).

(7.12)
The term
The yaw

acceleration, ψ , will be used to equate the control surface from Equation (7.12) to the
angular acceleration equation of motion described in Equation (7.1c) to develop the
braking control structure which will be described below.
The end goal of the braking controller is using individual brake pressures, Pb,i, for
all four wheels to help the vehicle track the desired yaw rate, ψ t arg et , as determined by
the L-K controlled steer angle, δ, and sideslip angle, β. This must be accomplished in
two parts. First, determination of the overall vehicle yaw moment, M ψ b , that is created
by the braking forces that act on each wheel/tire. Second, use M ψ b to determine the
individual brake pressures, Pb,i.

At this point, two additional assumptions will be

imposed regarding the brake/tire interface and the brake system.
Assumption (A.5): The only longitudinal forces acting on the wheels/tires at the
tire/road interface result from the brake forces. This assumption is applied to the ROR
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scenario since no engine throttle (or drive torque) is used while the controller is activated
(i.e., vehicle coasts).
Assumption (A.6): The front-to-rear brake force distribution is constant so that

( 7.13a )
( 7.13b )

Fx,r,l = ρ Fx, f ,l
Fx,r,r = ρ Fx, f ,r

where ρ is the proportioning constant. Rajamani (2006) reports that this is typical of a
normal vehicle, which uses a proportioning valve to distribute the brake load between
front and rear.
Using Assumption (A.6), M ψ b may be denoted as

(

M ψ b = 0.5 ( A + B ) Fx, f ,r − Fx, f ,l

)

(7.14)

with A and B providing the moment arm for the brake forces. Further, by combining
Equations (7.13) and (7.14), we can simplify Equation (7.1c) into the form

(

)

1
ψ = ⎡⎣ A Fx, f sin δ + Fy, f cos δ − BFy,r + M ψ b ( cos δ + ρ + sin δ ) ⎤⎦
I

(7.15)

It is possible to equate Equation (7.15) to Equation (7.12) by solving for ψ , so
that

ψ =

(

)

1
⎡ A Fx, f sin δ + Fy, f cos δ − BFy,r + M ψ b ( cos δ + ρ + sin δ ) ⎤ =
⎦
I⎣
− ηs + ψ t arg et − ξβ

(7.16)

Rearranging Equation (7.16) and solving for M ψ b yields
⎡
⎤
1
⎡ I −ηs − ζβ + ψ t arg et − A Fx, f sin δ + Fy, f cos δ + BFy,r ⎤ (7.17)
Mψ b = ⎢
⎥
⎣
⎦
⎣ ρ + cos δ + sin δ ⎦

(

) (
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)

To complete the brake controller, it is necessary to relate M ψ b to the individual
brake pressures, Pb,f,l and Pb,f,r. The individual front and rear wheel dynamics may be
described by
J wω f ,l = Td, f ,l − Aw µb Rb Pb, f ,l − reff Fx, f ,l
J wω f ,r = Td, f ,r − Aw µb Rb Pb, f ,r − reff Fx, f ,r
J wω r,l = Td,r,l − Aw µb Rb Pb,r,l − reff Fx,r,l
J wω r,r = Td,r,r − Aw µb Rb Pb,r,r − reff Fx,r,r

( 7.18a )
( 7.18b )
( 7.18c )
( 7.18d )

where the first term on the right side of the equation represents the drive torque, the
middle term denotes the braking torque, τbrake, and the final term accounts for the
longitudinal tire force torque (refer to Figure 7.12). The constants reff, Aw, µb, and Rb
denote the effective tire radius, brake area of the wheel, brake friction coefficient, and
brake radius, respectively. It is necessary to determine the relative difference in the leftto-right brake force, ΔFx, f , based on rearranging Equation (7.14) as

Fx, f ,r − Fx, f ,l =

2M ψ b
lw

= ΔFx, f

where lw is the vehicle track width.

Figure 7.12: Diagram of a vehicle’s wheel with associated forces and torques
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(7.19)

To determine the appropriate brake pressures, an assumption will be used.
Assumption (A.7): The left and right wheel angular accelerations are equal (i.e.,

ω f ,l = ω f ,r ). This assumption was valid as wheel slip angles were minimized.
By using Assumptions (A.5) and (A.7), Equation (7.18b) can be subtracted from
Equation (7.18a) to yield

(

)

(

0 = Aw µb Rb Pb, f ,r − Pb, f ,l − reff Fx, f ,r − Fx, f ,l

)

(7.20)

The difference in brake pressure can then be written as

(P

b, f ,r

)

− Pb, f ,l = ΔP =

ΔFx, f reff
Aw µb Rb

(7.21)

The vehicle yaw moment, M ψ b , was generated using the brakes applied to only
one side, thus ΔP is used as the front brake pressures, Pb,f,i, by

Pb, f ,l = κ
Pb, f ,r

ΔFx, f reff

Aw µb Rb
ΔFx, f reff
= (1 − κ )
Aw µb Rb

(7.22a)
(7.22b)

The constant κ is used to activate either the right-side or left-side brakes, depending on
the required M ψ b . Thus, κ must be chosen such that

⎡1,
κ=⎢
⎣ 0,

Mψ b > 0 ⎤
⎥
Mψ b ≤ 0 ⎦

(7.23)

Table 7.1 summarizes the constant values of the modeled sedan in CarSim that were used
for the braking controller. Using this strategy, only the right or left side brakes will be
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applied at any given time, thus aiding the steering portion of the overall ROR controller.
A final assumption will be set forth regarding the use of differential braking.
Assumption (A.8): Straight line braking is not desired for the ROR recovery.
When the overall ROR controller is active, a non-zero steer angle is commanded to either
bring the vehicle back onto the roadway, or to direct the vehicle back into the proper lane
and heading. Thus, M ψ b ≠ 0 whenever the controller is active.
Table 7.1: Summary of values used for the ROR steering and braking controllers (Cf
values depend on surface friction coefficient)
Parameter
A
Aw
B
Cf (µi)
I
k
lw

Value
1.4
1
1.65
18500 (0.25)
20000 (0.4)
36500 (0.7)
42000 (0.8)
2765
11,000
1.55

Unit
m
m2
m
N/deg
kg-m2
m

Parameter
m
Pb,i,max
Rb
reff
xla
δmax
η	
  
ρ	
  
µb
ξ

Value
1653
10
0.16
0.359
10.5
900
5
1
0.9
0.1

Unit
kg
MPa
m
m
m
deg
-

By carefully designing the steering and braking controllers to work
collaboratively, a ROR controller was developed to autonomously steer and brake the
vehicle. The vehicle’s stability is dependant on the roadway configurations (lane width,
yLW, surface friction coefficients, µroad and µshoulder, elevation changes, hdiff, etc.), so
artificial vehicle hardware bounds and limitations on δ and Pb,i, shown in Table 7.1, are
necessary to ensure controller stability and vehicle operation. The steering bound may be
set equal to, or less than, the maximum allowable steer angle obtainable by the vehicle’s
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steering system. Brake pressure limitations may be set based on system capabilities;
however, it is more likely that the differential braking system would act in conjunction
with an ABS controller, thus brake pressures would be bounded based on wheel slip.
7.2.3 State Flow Controller
State flow controllers have been used for many years in automotive applications,
which require specific logic or various system control states (Karbowski et al., 2010). A
state flow controller is an event driven, discrete mode controller that utilizes predetermined states to provide the appropriate output. The controller transitions from stateto-state using user-defined logic expressions.

As discussed previously, the optimal

recovery of a ROR situation requires different steering and braking levels applied at
various vehicle operating states (refer to Figure 7.8). For this reason, separate but
cooperative steering and braking state flow controllers were designed for the ROR
recovery system. Figure 7.13 provides a diagram for the state-flow controllers including
the vehicle sub-systems, vehicle dynamics, and vehicle sensory data.
Assumption (7.9): The controlled vehicle must be equipped with steer-by-wire
and brake-by-wire systems to accommodate the dual state flow controllers.

Figure 7.13: Diagram for the developed state-flow controller
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Control of the steering angle, δ, was the primary method for vehicle recovery.
The basic structure of the state-flow controller is developed using various ‘states’, S =
{Zero, Yaw, Nominal, and Sideslip}, to determine the proper output.

Figure 7.14

illustrates the four states and the logic flow between them.
Zero State
At the start of each control algorithm time step, the controller enters the Zero
state. While in the Zero state, no steer angle is commanded. If the controller is active
(e.g., during a ROR event), it follows the logic path into either the Yaw or Nominal states
depending on the magnitude of the yaw angle, ψ, with relation to the yaw angle
threshold, ψthreshold.
Yaw State
The Yaw state is used for the initial correction of the vehicle’s trajectory at the
beginning of a ROR situation (i.e., if the vehicle is beginning to travel off the roadway
with a large trajectory difference from the road path or ψ). During this phase of the
event, it is critical to minimize the vehicle’s lateral position error while limiting the
vehicle’s sideslip angle. The Yaw state is only used while the total number of wheels off
the roadway is equal to one; once two or more wheels are off, the controller transitions to
the Nominal state for steering correction. The commanded steer angle for the Yaw state
is a function of the yaw angle, ψ, which can be written as

! = "K# * #
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(7.24)

where Kψ is a control gain. A negative control constant is a result of the SAE standard
coordinate system used (see Figure 7.7) and Assumption (A.1), which considers a
roadway departure on the right-hand side.

Figure 7.14: Logic flow of the state-flow steering controller including the four states
Nominal State
The Nominal state is used to steer the vehicle back into the center of the roadway
lane, while traveling parallel to the road’s path. The requirements for this state are very
similar to the tasks performed by the Lane Keeping controller described in Section 7.2.2.
For this reason, the commanded steer angle for the Nominal state was based on

δ = K Nom * δ L − K
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(7.25)

where KNom is a control gain and δL-K is the steer angle commanded by the L-K controller
from Equation (7.5). If, during the vehicle recovery, a large sideslip angle, β, is induced,
the controller moves into the Sideslip state.
Sideslip State
In split-µ driving situations, large sideslip angle values, β, are prevalent due to
unequal tire forces at the vehicle sides. At large sideslip angles, tires reach their limits of
adhesion, which may lead to vehicle instability, and typically make drivers feel
uncomfortable or unsafe. Increasing the speed (quicker time response) and amplitude of
the steering response is one method for mitigating large vehicle sideslip angles. The
commanded steering response takes the same form as Equation (7.25)
δ = Kβ * δ L − K

(7.26)

However, the control gain, Kβ , is larger than KNom, resulting in faster steering response
and larger steering inputs. Separating the Nominal and Sideslip states is necessary as
using a larger control gain for all situations results in increased vehicle instability and
larger vehicle lateral position over-correction (i.e., the vehicle may be steered into the
opposing lane of traffic). Table 7.2 summarizes the steer angle output for each of the four
states. The threshold values, ψthreshold = -6deg and βthreshold = 2.86deg, and controller
gains, Kψ, KNom, and Kβ, were chosen using a numerical trial-and-error process to
maximize controller performance.

150

Table 7.2: Summary of the four steering controller states and their associated steer angles
State, S
Steer Angle, δ (deg)
Controller Gain, K, Values
0	
  
-‐	
  
Zero
	
  (deg/deg)	
  
K
=
6.5
Yaw
δ =-Kψ ψ
ψ
K Nom = 1.2 	
  (deg/deg)	
  
Nominal
δ =KNom δL-K	
  
K β = 1.6 	
  (deg/deg)	
  
Sideslip
δ =Kβ δL-K	
  
A slightly different braking strategy was used for the ROR state flow controller
when compared to the sliding mode algorithm described earlier. Vehicle braking was
performed only when the speed was above a set threshold, Vthreshold = 55kph, and at least
one wheel was off of the roadway. This strategy was adopted for three reasons. First, the
complexity of the overall ROR controller was reduced. Second, a tire is limited in the
amount of force it can produce (i.e., traction circle). Therefore, if a braking force is
applied, then the tire has less available cornering ability.

Third, vehicles are most

susceptible to instabilities such as wheel slip at higher speeds and lower surface friction
levels. The braking was accomplished using separate, identical brake controller designs
for each wheel’s brake actuator. Using an independent brake system, the vehicle’s
stability was increased during the transition phases of the maneuver (roadway to shoulder
or vise-versa).
The state flow braking controller consisted of three states: Sbrake = {Zero, Full, and
Small}. Table 7.3 summarizes the braking forces commanded by each state. The braking
forces were chosen using a numerical trial-and-error process.

151

Zero State
The Zero state was the controller’s default, resulting in no braking action. The
brake controller returned to the Zero state under three conditions: the controller became
inactive, the vehicle speed fell below the speed threshold, VCG < Vthreshold, or the vehicle
returned completely to the roadway, σ < σthreshold (σthreshold = 4 when the vehicle is
completely on the roadway). The logic flow for the brake controller has been illustrated
in Figure 7.15.
Full State
The Full state was used when the vehicle yaw angle is below a set threshold so as
to provide a large braking torque, Tbr, to the wheel. The large torque was designed to
provide significant longitudinal speed reduction at the expense of reduced tire cornering
ability.
Small State
In the event the given wheel/tire begins to lock up ( ω i ≅ 0 ), or the vehicle is
returning to the roadway, the controller state changes to the Small state.

For this

operating state, a reduced braking torque is used. The smaller commanded braking torque
is designed to provide minor speed reduction, but allow for greater cornering ability and
eliminate the possibility of tire wheel slip due to maximum braking.
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Table 7.3: Summary of the three braking controller states and their associated braking
torque, Tbr = 150Nm
State
Percentage of Tbr
Zero
0%
Full
100%
Small
40%

Figure 7.15: Logic flow of the state-flow braking controller including the three states
Each controller output, steer angle δ and individual brake torques Tbr, are bounded
to eliminate vehicle system failure. The commanded steer angle may be bounded using
either a pre-determined maximum, or the physical limitations of the vehicle’s steering
system. No artificial bounding is necessary for the brake pressures. Regardless of the
controller inputs, the commanded brake torque for a given wheel may only be one of

153

three constant values per Table 7.3, thus the highest possible controller output is that of
the largest value occurring in the Full State.
The developed state flow ROR controller included two independent controllers
for the steering and braking. Both controllers used custom strategies developed specific
to a ROR situation and multiple states for each commanded output. It was assumed that
the vehicle was equipped with steer-by-wire and brake-by-wire systems; however, it
would be possible to adapt the developed controller for use in a vehicle with traditional,
mechanically linked systems.

7.3 Simulation Results
For this research study, answers to three questions were sought:
(Q1) How well do the two developed ROR controllers perform compared to the
driver model?
(Q2) Which of the two ROR controllers was better able to perform a ROR
recovery?
(Q3) Which ROR situational parameter(s) (i.e., Vinit, Δµ, hdiff, δinit) most affects
the ROR recovery?
To answer these questions, three performance metrics for the ROR recovery were
identified. The first variable of interest was the lateral vehicle motion, YCG. Of concern
were large deviations, in either the left or right direction, from the desired lateral vehicle
position, Ydesired. Both larger values of lateral error towards the right side of the road,
er,max = MIN (YCG ) − YLC , and left side of the road, el,max = MAX (YCG ) − YLC , signify
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increased danger to the vehicle and it’s occupants (i.e., deviating from the ideal pathway).
The comparison of the total lateral position error of the vehicle may be accomplished
using a root-mean-square (RMS) methodology given as
n

erms =

∑e

2
la,i

i =1

n

(7.27)

where n is the total number of data points.
Ideally, the recovery process would use as little steering angle as possible, while
maximizing vehicle stability. A measure of vehicle stability is the vehicle sideslip angle,
β. When the maximum lateral tire forces are exceeded, the vehicle cannot track the path
dictated by the steered wheels, thus producing increased values of β. A third metric was
the time required for the controller to bring all four wheels of the vehicle back onto the
roadway, trd, and the corresponding distance, xrd. Further, the time, trec, and distance, xrec,
required for the controller to return the vehicle onto the desired path were examined.
Figure 7.16 illustrates the aforementioned performance metrics.
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Figure 7.16: Visual representation of the controller performance metrics: er,max, el,max, trd,
xrd, trec, and xrec
7.3.1 Comparison of the Two Run Off the Road Controllers versus the Driver Model
The primary design criterion for the two ROR controllers was to autonomously
perform a successful recovery maneuver, and to perform better than the driver steering
model. Table 7.4 summarizes the performance metrics for each control system. The
three simulations were performed under identical conditions, VCG = 85kph, Δµ = 0.3
(µshoulder = 0.4 and µroad = 0.7), hdiff = 0.025m, and δinit = 10deg, which most closely match
the conditions of the collected driver model data (see Section 7.2.1).
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Table 7.4: Simulation summary results of the three ROR controllers under identical
driving conditions: Vinit =85kph, Δµ =0.3, hdiff =0.025m, δinit =10deg
Vehicle er,max el,max
δ max
βmax
ψ max
trd
xrd trec xrec
Controller
e
Stable? (m) (m) RMS (deg) (deg)
(deg) (sec) (m) (sec) (m)
Driver
Model
No 2.21 3.71 - 255.6 -180.00 -180.00 1.60 36.56 (DR)
Sliding
Mode
Yes 2.26 0.83 1.19 27.4 -0.45
7.23 1.90 43.41 2.32 53.34
(SM)
State Flow
Yes 2.07 0.56 1.02 43.4 -2.79
13.45 1.44 32.27 1.76 39.67
(SF)
First and foremost, the driver model and both controllers were successful at
returning the vehicle to the roadway. However, only the sliding mode (SM) and state
flow (SF) controllers were successful at maintaining vehicle stability and maneuvering
the vehicle into the proper lane traveling parallel to the road path. The DR’s instability
was evident by βmax = -180deg. The SF controller minimized the lateral error with the
lowest values of er,max = 2.07m, el,max = 0.56m, and eRMS = 1.02. The driver model (DR),
when compared to the SM controller, was slightly better at reducing the right lateral error
er,max = 2.21m compared to 2.26m, time to recovery trd = 1.60s compared to 1.90s, and
longitudinal distance to recovery xrd = 36.56m compared to 43.41m.

Due to the

instability that resulted from the steering input, the DR controller had the largest
el,max = 3.71m which would place the vehicle in the middle of the opposing lane of traffic.
Figure 7.17 illustrates the lateral vehicle position of the three controllers during the
simulation with the roadway centerline (dashed line) and pavement edges (solid black
lines) shown. The ideal pathway for longitudinal travel is YCG = -2.0m. The DR results
reflect the vehicle instability as longitudinal motion stopped at x = 180.1m.
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Figure 7.17: Lateral vehicle position for the three ROR controllers for VCG,init=85kph,
Δµ=0.3, hdiff=0.025m, δinit=10deg. The road centerline is located at Y =0m, shoulders at
Y =±4m, and lane center at Y =-2m
The DR controller used the greatest peak steering input of the three controllers,

δmax = 255.6deg; nearly ten times that of the SM controller, δmax = 27.4deg, and over six
times that of the SF controller, δmax = 43.4deg. For all three controllers, δmax occurs as
the controller initially attempts to return the vehicle back onto the roadway. Once the
initial recovery is made, both the SM and SF controllers use smaller steering inputs to
settle the vehicle into the proper lane position and heading. Figure 7.18 shows the
steering inputs commanded by each controller.
For the initial DR time interval of 0s < t < 1.9s, the vehicle is traveling half on/off
the roadway while the controller attempts to bring the vehicle back fully onto the
roadway. By time t = 2.0s, the vehicle has returned to the roadway, wherein the DR
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controller requires a large negative steering angle to steer the vehicle back into the proper
lane, causing increased vehicle yaw and sideslip angles (refer to Figures 7.19 and 7.20).
A final positive steering wheel angle is commanded by the DR controller at
4.2s < t < 6.2s in an attempt to maintain vehicle stability and settle the vehicle into the
proper lane; however, this input occurs too late as the vehicle began to spin around it’s
center of gravity, caused by tire forces exceeding their maxima, and identified by the yaw
and sideslip angle approaching ±180° and vehicle speed becoming negative. Both the
SM and SF controllers used significantly less steering wheel angle (as shown in Figure
7.18) when compared to the DR. This resulted in lower values of yaw angle, ψ (shown in
Figure 7.19) and sideslip angle, β (shown in Figure 7.20). When comparing the two
ROR controllers, the SF controller’s increased use of steer angle resulted in higher peak
values of ψ and β; however, both values converged towards zero faster for the SF
controllers.
Figure 7.21 highlights the vehicle speed for each simulation. The DR controller
uses no braking or throttle inputs, so any change of speed is due to frictional tire forces.
As the vehicle begins to loose stability (approximately t = 4.0s), it slowed down
significantly until rotating 180 degrees (shown in Figure 7.19), ultimately traveling in
reverse down the center of the roadway. The SF and SM controllers use small amounts
of braking input to reduce the vehicle speed from the initial 85kph with the SF controller
using a slightly more aggressive braking strategy.
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Figure 7.18: Steering wheel angle, δ, used by the controllers during the ROR recovery
process for Driver Model, Sliding Mode, and State Flow controllers
Both of the ROR controllers were able to successfully recover the vehicle, thus
outperforming the driver model and answering (Q1). The SF controller performs the
ROR recovery more quickly than the SM controller at a cost of higher δmax and βmax per
Table 7.4. A more detailed comparison between the SF and SM controllers is performed
in Section 7.3.2.
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a)

b)

Figure 7.19: a) Yaw rate, ψ, during the ROR recovery process for Driver Model, Sliding
Mode, and State Flow controllers, and b) graph of full-scale results

a)

b)

Figure 7.20: a) Sideslip angle, β, during the ROR recovery process for Driver Model,
Sliding Mode, and State Flow controllers, and b) graph of full-scale results
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Figure 7.21: Vehicle longitudinal speed, VCG, during the ROR recovery simulation for the
Driver Model, Sliding Mode, and State Flow ROR controllers
7.3.2 Expanded Simulation Results
The SM and SF ROR controllers were capable of performing a successful ROR
recovery for the given operating conditions and vehicle simulation parameters described
in the previous section. To better understand the limitations of the two controllers and to
determine which is able to ‘better’ perform a ROR recovery, a variety of simulation
configurations were investigated. The variations in key roadway and vehicle parameters
included: initial vehicle speed (Vinit = 60kph, 85kph, and 100kph), difference in road edge
height (hdiff = 0m, 0.025m, and 0.08m), difference in road surface frictions (Δµ = 0.3 and
0.55), and initial steering angle (δinit = 10° and 18°). Simulations were performed for
both the SM and SF ROR controllers for each combination of parameters. The complete
results for each simulation are included in Appendix C. Comparison between the SM and
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SF controllers was performed at two different levels; first, at a high level that examined
all simulations, and second, at a detailed level focused on a subset of the simulations.
At the high level, the state flow controller performed the ROR recovery more
quickly (trd, SF < trd, SM and trec, SF < trec, SM) and with less error (er, max, SF < er, max, SM and
el, max, SF < el, max, SM) than the sliding mode controller for all simulations. In addition, the
SF controller was able to successfully recover from the ROR condition for each
simulation, while the SM controller became unstable for the highest speed and higher
surface friction difference conditions (except for Vinit = 100kph, Δµ = 0.55, hdiff = 0.08m,
and δinit = 18°). When isolating one design parameter by averaging all of the simulations
for each given design parameter, the SF controller again performed the recovery ‘better’
when using the averaged metrics; however, the increased performance comes at a cost of
increased maximum steering wheel and sideslip angles.

Table 7.5 summarizes the

isolation results for each design parameter.
The SF controller reduced the maximum right lateral error (direct comparison to
the SM controller) the most under the larger δinit (18°), hdiff (0.08m), and Δµ (0.55)
conditions with speed having virtually no impact on the relative improvement (refer to
Figure 7.22). This may be explained by the similarities in the design of the steering
controllers, as well as both being independent of vehicle speed. The initial steering
response of the SM and SF controllers limits the right lateral distance traveled. In
contrast, speed was the only design parameter to have a significant impact on the
maximum left lateral error improvement, as high speeds resulted in increased el,max
improvement (refer to Figure 7.23). This improved performance of the SF controllers
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may be attributable to the improved steering response (faster convergence towards zero)

Improvement (m)

and increased use of braking.
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Figure 7.22: Summary of er, max improvement (positive values denote better SF
performance compared to SM) for the various design parameters (Vinit = 60, 85, and
100kph; hdiff = 0.0, 0.025, and 0.08m; Δµ = 0.3 and 0.55; δinit = 10° and 18°)
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Figure 7.23: Summary of el, max improvement (positive values denote better SF
performance compared to SM) for the various design parameters (Vinit = 60, 85, and
100kph; hdiff = 0.0, 0.025, and 0.08m; Δµ = 0.3 and 0.55; δinit = 10° and 18°)

164

165

er,max (m)
IMP %IMP
0.49 17.3%
0.51 13.4%
0.49 11.8%
0.43 13.2%
0.60 16.4%
0.43 13.3%
0.46 14.1%
0.59 16.1%
0.19 9.1%
0.79 19.7%

el,max (m)
IMP %IMP
0.37 50.5%
0.68 55.8%
0.96 72.4%
0.56 54.1%
0.71 62.2%
0.62 57.9%
0.62 57.7%
0.63 56.9%
0.57 51.1%
0.67 63.5%

! max (deg)
IMP %IMP
-19.4 -57.9%
-44.7 -162.6%
-79.7 -229.3%
-35.6 -113.0%
-52.8 -170.5%
-42.1 -145.6%
-46.3 -160.3%
-40.3 -108.5%
-69.8 -257.8%
-17.5 -24.0%
!max (deg)
IMP %IMP
-0.35 -114.8%
-2.21 -184.8%
-5.64 -302.4%
-1.75 -159.5%
-2.97 -218.6%
-1.87 -192.4%
-2.19 -202.7%
-2.69 -160.0%
-3.47 -279.5%
-1.14 -95.0%

trd (sec)
IMP %IMP
0.76 28.5%
0.36 13.7%
0.17 6.4%
0.39 16.1%
0.58 20.1%
0.45 17.7%
0.48 18.2%
0.49 17.5%
0.40 19.2%
0.55 16.4%

xrd (m)
IMP %IMP
12.59 29.7%
9.62 16.0%
6.52 8.7%
8.89 17.9%
11.70 22.1%
9.49 19.5%
9.92 20.0%
10.73 19.5%
7.88 20.6%
12.12 18.8%

trec (sec)
IMP %IMP
1.23 28.9%
2.27 41.3%
2.61 48.5%
1.34 32.6%
2.77 45.7%
1.66 36.8%
1.68 37.2%
2.45 40.3%
1.56 37.6%
2.30 38.6%

xrec (m)
IMP %IMP
19.42 29.8%
50.87 42.2%
69.58 49.0%
32.77 33.8%
56.98 46.1%
36.23 37.7%
36.56 38.0%
54.79 41.0%
35.27 38.3%
50.10 39.6%

eRMS
IMP %IMP
0.27 19.9%
0.16 9.5%
0.03 2.3%
0.16 11.0%
0.20 13.1%
0.16 11.5%
0.18 12.4%
0.18 11.7%
0.13 12.6%
0.21 11.2%

Vinit=60 kph
Vinit=85 kph
Vinit=100 kph
!µ=0.3
!µ=0.55
hdiff = 0m
hdiff=0.025m
hdiff=0.08m
!init=10°
!init=18°

Design
Parameter

er,max (m)
IMP %IMP
0.70 22.3%
0.63 15.7%
0.55 12.9%
0.63 15.7%
0.93 19.0%
0.62 15.5%
0.63 15.7%
0.77 18.4%
0.19 8.5%
0.63 15.7%

el,max (m)
IMP %IMP
0.47 67.3%
0.57 53.4%
0.70 52.0%
0.57 53.4%
0.84 67.2%
0.59 54.2%
0.57 53.4%
0.59 54.5%
0.27 32.4%
0.57 53.4%

! max (deg)
IMP %IMP
-24.3 -41.3%
-15.2 -23.4%
-2.2 -3.2%
-15.2 -23.4%
4.3 5.2%
-15.4 -23.9%
-15.2 -23.4%
-13.6 -20.4%
-16.0 -58.4%
-15.2 -23.4%
!max (deg)
IMP %IMP
-0.31 -96.9%
0.15 12.1%
-0.89 -74.2%
0.15 12.1%
-1.23 -123.0%
0.20 16.9%
0.15 12.1%
1.13 46.9%
-2.34 -520.0%
0.15 12.1%

trd (sec)
IMP %IMP
0.56 18.8%
0.36 12.2%
0.26 9.0%
0.36 12.2%
0.44 10.6%
0.36 12.3%
0.36 12.2%
0.42 13.8%
0.46 24.2%
0.36 12.2%

xrd (m)
IMP %IMP
9.80 20.9%
9.71 14.7%
8.79 11.3%
9.71 14.7%
12.97 14.1%
9.68 14.7%
9.71 14.7%
10.95 16.0%
11.14 25.7%
9.705 14.7%

trec (sec)
IMP %IMP
0.54 15.2%
2.12 41.4%
2.10 41.2%
2.12 41.4%
2.56 38.3%
2.12 41.6%
2.12 41.4%
2.22 42.2%
0.56 24.1%
2.12 41.4%

xrec (m)
IMP %IMP
9.76 17.5%
48.08 42.3%
57.03 42.1%
48.08 42.3%
57.87 39.8%
48.08 42.5%
48.08 42.3%
49.91 42.9%
13.67 25.6%
48.08 42.3%

eRMS
%IMP
21.6%
5.4%
1.6%
5.4%
8.0%
4.9%
5.4%
5.4%
14.2%
5.4%

IMP
0.37
0.11
0.04
0.11
0.21
0.10
0.11
0.11
0.17
0.11

Table 7.6: Summaries of single parameter comparisons between state flow and sliding mode ROR controllers. Parameters were held
constant at Vinit = 85kph, !µ=0.3, hdiff=0.025m, !init=18°, except for the design parameter. Positive improvement (IMP) signifies a
smaller value for the state flow simulation

*Note: Simulation runs where one or more of the controllers were unable to complete the ROR recovery were excluded

Design
Parameter
Vinit=60 kph
Vinit=85 kph
Vinit=100 kph
!µ=0.3
!µ=0.55
hdiff = 0m
hdiff=0.025m
hdiff=0.08m
!init=10°
!init=18°

Table 7.5: Summary results for the comparison between state flow and sliding mode ROR controllers. All simulation runs* of the
design parameter were averaged together. Positive improvement (IMP) signifies a smaller value for the state flow simulation

The other performance metrics of interest were roadway (the return of all four
wheels onto the road) and recovery distances, xrd and xrec. Under the Vinit = 100kph
conditions, the SF controller only marginally improved the roadway distance with a
6.52m improvement; however, the reduction of recovery distance was sizeable, requiring
nearly 70m less longitudinal distance to bring the vehicle into the proper lane and travel
parallel to the road path per Table 7.5. In general, the SF controller improved the
recovery distance by more than nineteen meters for all conditions, and more than fifty
meters for the higher levels of each design parameter. Figures 7.24 and 7.25 illustrate

Improvement (m)

these improvements.
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Figure 7.24: Summary of xrd improvement (positive values denote better SF performance
compared to SM) for the various design parameters (Vinit = 60, 85, and 100kph; hdiff = 0.0,
0.025, and 0.08m; Δµ = 0.3 and 0.55; δinit = 10° and 18°)
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Figure 7.25: Summary of xrec improvement (positive values denote better SF performance
compared to SM) for the various design parameters (Vinit = 60, 85, and 100kph; hdiff = 0.0,
0.025, and 0.08m; Δµ = 0.3 and 0.55; δinit = 10° and 18°)
For a more detailed performance analysis of the two controllers per different
design parameters, a control simulation defined as Vinit = 85kph, Δµ=0.3, hdiff=0.025m,

δinit=18° was used. The control simulation targeted the most realistic roadway conditions,
moderate Δµ and hdiff, with more troublesome vehicle conditions, high Vinit and δinit (note:
100kph could not be used as the SM controller became unstable under certain 100kph
simulations). Table 7.6 summarizes the performance improvements of the SF controller
in direct comparison to the SM controller. The DR was not included, as it did not
successfully perform the ROR recovery. To answer (Q2), the SF controller improved
lateral errors, maneuvering times, and corresponding longitudinal distances compared to
the SM controller, at the expense of higher steer and sideslip angles. Most interestingly,
the recovery time, distance, and error RMS values were all nearly independent of the
chosen design parameters except for the lowest vehicle speed and initial steer angle,
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wherein much smaller improvements may be observed. For example, trec ranged between
2.10 and 2.22s except for when Vinit =60kph and δinit =10°, wherein trec = 0.54 and 0.56s,
respectively. These results imply low vehicle speeds and/or low initial steer angles
simplify the recovery process, reducing the importance of the selected recovery strategy.
To further examine the significance of the design parameters on the performance of a
ROR recovery, a more detailed design parameter analysis will be performed in the
following section.

7.3.3 Performance Based on Simulation Design Parameters
To better understand the significance of the design parameters on recovery
performance, closer examination of the SF controller results was performed. The SF
controller was used as it outperformed the SM controller under all conditions. To isolate
a specific design parameter, all parameters were held constant except for the parameter of
interest. For example, the influence of the initial vehicle speed was determined by
changing only Vinit and holding Δµ, hdiff, and δinit constant. The same methodology is
used for each design parameter to determine their influence, if any, on each of the
performance metrics. These results are summarized in Table 7.7.
Initial vehicle speed appears to significantly impact the lateral position error of
the vehicle, as both er,max and el,max increase substantially (1.30m and 0.42m, respectively)
with higher initial speeds of 100kph. Neither the roadway time, trd, or recovery time, trec,
was affected greatly by Vinit, but as would be expected the roadway, xrd, and recovery
distances, xrec, do increase as the vehicle speed increases. Two variables that do appear
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to impact both roadway and recovery performance are surface friction differences, Δµ,
and initial steer angles, δinit. It was shown that larger differences in the surface friction
would lengthen the recovery process of the ROR controller, as would an increase in the
angle at which the vehicle departs the roadway. For instance, at Δµ = 0.3, xrd = 56.47m
and xrec = 65.50m, while at Δµ = 0.5, xrd = 79.07m and xrec = 87.62m. Similarly, at

δinit = 10°, xrd = 32.27m and xrec = 39.67m, while at δinit = 18°, xrd = 56.47m and
xrec = 65.50m.
Interestingly, changing the difference in surface heights, hdiff, had little effect on
any aspect of the controller performance using the metrics identified in this study. This
may be partially explained by the tire model used by CarSim, which is limited under tire
deformation situations. It is possible hdiff would have some effect on the roll behavior of
the vehicle during recovery, which would be important for vehicles with a high center of
gravity; however this study modeled a typical sedan with a low center of gravity.
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Table 7.7: Summary results for the state flow ROR controller. Simulation parameters
were held constant at Vinit = 85kph, Δµ=0.3, hdiff=0.025m, δinit=18°, except for the design
parameter
Design
er,max el,max
δ max βmax ψ max trd
xrd trec xrec
e
Parameter (m) (m) RMS (deg) (deg) (deg) (sec) (m) (sec) (m)
Vinit=60 kph 2.44 0.23 1.34 83.2 0.63 -8.40 2.42 37.08 3.02 46.14
Vinit=85 kph 3.40 0.50 1.93 80.1 -1.09 -8.73 2.58 56.47 3.00 65.50
Vinit=100 kph 3.74 0.65 2.20 71.2 -2.09 23.76 2.64 69.12 3.00 78.56
Δµ=0.3

3.40 0.50 1.93 80.1 -1.09 -8.73 2.58 56.47 3.00 65.50

Δµ=0.55

3.97 0.41 2.44 79.1 -2.23 -8.63 3.70 79.07 4.12 87.62

hdiff = 0m

3.37 0.50 1.92 79.8 -0.98 -8.71 2.56 56.05 2.98 65.10

hdiff=0.025m 3.40 0.50 1.93 80.1 -1.09 -8.73 2.58 56.47 3.00 65.50
hdiff=0.08m

3.43 0.49 1.94 80.2 -1.28 -8.71 2.62 57.30 3.04 66.30

δinit=10°
δinit=18°

2.07 0.56 1.02 43.4 -2.79 8.02 1.44 32.27 1.76 39.67
3.40 0.50 1.93 80.1 -1.09 -8.73 2.58 56.47 3.00 65.50

In addition to identifying the performance impact of a single design parameter, it
was desirable to identify any parameter interaction that would affect controller
performance. Four key performance metrics (refer to Tables 7.8 – 7.11) were identified
for interaction analysis: er,max, el,max, xrd, and βmax. These four metrics were chosen as they
represent the largest safety concerns during a ROR recovery; excessive lateral errors
increase the possibility of the vehicle colliding with another object, excessive roadway
distance also increases the likelihood of a vehicle collision, and vehicle sideslip is a good
indicator of vehicle stability.

170

Table 7.8: Design parameter interactions for the state flow controller er,max performance
(- denotes same parameters, * denotes duplicate parameter combinations)
Δ µ = Δ µ = hdiff = hdiff = hdiff = δ init = δ init =
er,max (m)
0.3
0.55 0m 0.025m 0.08m 10°
18°
Vinit=60 kph 2.44 2.43 2.44
2.44
2.40 1.72
2.44
Vinit=85 kph 3.40 3.97 3.37
3.40
3.43 2.07
3.40
Vinit=100 kph 3.74 4.39 3.74
3.74
3.85 2.24
3.74
Δµ=0.3
3.37
3.4
3.43 2.26
3.4
Δµ=0.55
3.93
3.97
4.04 2.09
3.97
hdiff = 0m
*
*
2.07
3.37
hdiff=0.025m
*
*
2.07
3.4
hdiff=0.08m
*
*
2.10
3.43
As shown in Table 7.8, vehicle speed is the most critical parameter for right
lateral error performance. Lower initial vehicle speeds help to reduce er,max, while high
initial speeds greatly increase er,max. The combination of higher Vinit and higher Δµ
produce the greatest lateral error, while high Δµ and high hdiff also have an er,max value of
4.04m. Regardless of the roadway configuration (Δµ and hdiff), it is possible to reduce
er,max by either reducing the initial vehicle speed or steer angle, with the lowest error
coming from a reduction in both metrics. This dependence of er,max on vehicle, rather
than roadway, parameters was a very positive result as it is cheaper and easier to modify
and control the vehicle and driver than it is to modify every road.
In contrast, the left lateral error appears to have little parameter interaction (refer
to Table 7.9). Increasing the vehicle speed increases el,max significantly for all other
parameters except for δinit = 10°. Regardless of the road configuration, the only way to
reduce el,max is to reduce the vehicle speed. It should be noted that for all cases of this
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study, the vehicle never crossed into the opposing lane of traffic, thus reducing the safety
implications of el,max.
Table 7.9: Design parameter interactions for the state flow controller el,max performance
(- denotes same parameters, * denotes duplicate parameter combinations)
Δ µ = Δ µ = hdiff = hdiff = hdiff = δ init = δ init =
el,max (m)
0.3 0.55 0m 0.025m 0.08m 10°
18°
Vinit=60 kph 0.23 0.21 0.23
0.23
0.23 0.42
0.23
Vinit=85 kph 0.50 0.41 0.50
0.50
0.49 0.56
0.50
Vinit=100 kph 0.65 0.48 0.65
0.65
0.63 0.00
0.65
Δµ=0.3
0.5
0.5
0.49 0.56
0.5
Δµ=0.55
0.42
0.41
0.41 0.45
0.41
hdiff = 0m
*
*
0.55
0.5
hdiff=0.025m
*
*
0.56
0.5
hdiff=0.08m
*
*
0.54
0.49
Similar to the effect of reducing er,max, reducing the initial vehicle speed and/or
steer angle lowers the roadway distance with the shortest distance, xrd = 24.93m,
occurring when Vinit = 60 kph and δinit = 10° (refer to Table 7.10). Unlike the previously
discussed performance metrics, roadway distance was greatly increased with the higher
level of surface friction difference, most notably when Δµ = 0.55 and Vinit = 85 kph or 100
kph, or δinit = 18°. The higher speeds cause the vehicle to travel further in the same
amount of time, thus increasing xrd and the higher initial steer angle causes the vehicle to
travel further in a lateral direction, also increasing the xrd. The higher level of surface
friction difference appears to magnify the increase of xrd by reducing the vehicle’s ability
to steer when one or more tires are off the roadway (e.g., µshoulder is smaller therefore the

172

tire’s cornering stiffness is smaller). As with the previous metrics, hdiff had little
interaction with the other parameters or influence on xrd.
Table 7.10: Design parameter interactions for the state flow controller xrd performance
(- denotes same parameters, * denotes duplicate parameter combinations)
Δ µ = Δ µ = hdiff = hdiff = hdiff = δ init = δ init =
xrd (m)
0.3
0.55 0m 0.025m 0.08m 10°
18°
Vinit=60 kph 37.08 33.51 36.78 37.08 38.26 24.93 37.08
Vinit=85 kph 56.47 79.07 56.05 56.47 57.30 32.27 56.47
Vinit=100 kph 69.12 110.55 69.13 69.12 72.20 43.84 69.12
Δµ=0.3
56.05 56.47
57.3 32.27 56.47
Δµ=0.55
78.31 79.07 80.71 36.15 79.07
hdiff = 0m
*
*
32.28 56.05
hdiff=0.025m
*
*
32.27 56.47
hdiff=0.08m
*
*
34.05 57.3
The final metric of interest was the maximum sideslip angle.

Table 7.11

summarizes the design parameter interactions for βmax. Considerable interaction was
found between Vinit=100 kph and Δµ = 0.55 or δinit = 10°. The highest sideslip angles
were generated when two of the above named conditions were present with the largest
angle (βmax = -21.05deg) occurring at Vinit =100 kph and Δµ = 0.55. The lowest sideslip
angles, and consequently highest level of vehicle stability, happened when Vinit=60 kph
regardless of other parameter levels, and when hdiff = 0m for increased speed or steer
angle. These results allow for the prioritization of parameters for maintaining vehicle
stability. The best scenario for vehicle stability would be no difference in surface heights
and low difference in surface frictions. For the recovery of a ROR situation, roadway
parameters are uncontrollable; however, by knowing that vehicle speed is critical to
maintaining vehicle stability, emphasis can be placed on parameters that are controllable.
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Table 7.11: Design parameter interactions for the state flow controller βmax performance
(- denotes same parameters, * denotes duplicate parameter combinations)
Δ µ = Δ µ = hdiff = hdiff = hdiff = δ init = δ init =
βmax (deg)
0m 0.025m 0.08m 10°
0.3
0.55
18°
Vinit=60 kph 0.63 -1.12 0.60
0.63
-0.76 0.26
0.63
Vinit=85 kph -1.09 -2.23 -0.98 -1.09 -1.28 -2.79 -1.09
Vinit=100 kph -2.09 -21.05 -2.01 -2.09 -1.37 -11.16 -2.09
Δµ=0.3
-0.98 -1.09 -1.28 -2.79 -1.09
Δµ=0.55
-2.01 -2.23 -1.94 -8.98 -2.23
hdiff = 0m
*
*
-2.27 -0.98
hdiff=0.025m
*
*
-2.79 -1.09
hdiff=0.08m
*
*
-1.98 -1.28
By analyzing the interaction among the four design parameters, it was shown that
reducing the two vehicle characteristics, Vinit and δinit, would increase the SF ROR
controller performance, thus answering (Q3). This is a critical conclusion as vehicle
parameters are easier to manipulate through the use of advance technologies. This result
is also helpful for improving the performance of the ROR controllers developed in this
study. The vehicle, however, is not the only factor affecting recovery performance.
Roadway surface friction was shown to greatly affect vehicle stability, roadway distance,
and lateral error (right). In order to better understand the influence of surface friction on
the performance, two additional shoulder/road µ combinations were explored. A control
simulation (µshoulder = 0.4, µroad = 0.7) was used as a baseline performance measure. The
first trial increased µroad to 0.9 while holding µshoulder = 0.4. This trial was used to
determine the effect of raising the road µ, effectively simulating road resurfacing, without
changing the shoulder surface. The second trial maintained the increased µroad, but

174

dropped the shoulder µ level to 0.35. The second trial was used to evaluate the effect of
increasing the road µ at the cost of increasing the Δµ between the two surfaces.
The results, summarized in Table 7.12, show that increasing the road µ does
improve the overall performance of the recovery in the form of decreasing er,max by
0.21m, trd and trec by 0.72s and 0.74s respectively, and reducing xrd and xrec by nearly
20m each. However, by decreasing the shoulder µ by only 0.5 but keeping the increased
road µ, recovery performance was decreased, and in some cases performance was worse
than the control trial. Practically speaking, increasing the road µ level does increase the
ability to safely recovery from a ROR situation, but increasing the shoulder µ level is
more effective, even if the increase is only a slight improvement.

Additionally,

increasing µroad with low values of µshoulder could actually decrease the safety levels of a
ROR recovery. It should be noted that these results only pertain to the recovery of a
ROR situation.
Table 7.12: Summary performance data for various shoulder and road µ level
combinations

µ level
er,max el,max
d
β
ψ
trd
eRMS max max max
(deg) (deg) (deg) (sec)
Shoulder/Road (m) (m)
0.4/0.7
0.4/0.9
0.35/0.9

xrd
(m)

trec
(sec)

xrec
(m)

3.85 0.63 1.95 71.5 -1.37 -8.73 2.76 72.20 3.12 81.60
3.64 0.65 1.81 70.6 -1.46 -8.11 2.04 52.74 2.38 61.69
3.85 0.62 2.31 70.7 -2.01 -8.23 2.94 76.65 3.30 85.97
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CHAPTER EIGHT
CONCLUSIONS AND RECOMMENDATIONS

Vehicle crashes affect hundreds of thousands of people in the United States every
year. Nearly 40,000 fatalities and more than 100,000 injuries are annually attributed to
vehicle collisions, with their associated cost exceeding a hundred billion dollars.
Additionally, traffic crashes are one of the leading killers for older teenagers (15-19 years
old). Three focal areas exist for improving automotive occupant safety: the driver, the
vehicle, and the infrastructure.

This dissertation included five research studies that

focused on either the driver or vehicle. The improvement of infrastructure remains an
on-going research topic for civil and transportation engineers.
Driver
Significant research has been conducted on the impact of driver education and
training courses; however, few positive results have been reported to date.

Many

programs were shown to provide no safety benefit, while others were found to have
detrimental effects on crash rates and driving behaviors.

Other studies have been

conducted to identify best practices for safety-focused driver training programs. Chapter
3 outlined four training modules that constitute a safe driving program focused on
increasing the safety levels of novice and inexperienced drivers. This driving program
combined accepted driving strategies and innovative training tools for both classroom
and behind-the-wheel instruction.
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A PETTY SDP field case study using 86 students was performed over a two-day
time period. Measurable increases in the students’ knowledge were identified due to the
six-hour training program with an overall pass rate increase of 10% (versus the original
offering). A unique opportunity was provided in the module designed to simulate a
tailgating situation. A custom training tool was developed to provide students with a
tailgating-like experience, while reducing the harmful consequences associated with
vehicle collisions. The training tool provided standardization to the curriculum and the
opportunity to use both objective and subjective assessments in the form of instructor
evaluations and in-vehicle data collection, respectively. The assessed student and parent
satisfaction levels were both extremely high at 89.6%.
The safe driving program proved to be successful, but does include some
limitations. To date, a limited number of students have participated, primarily located in
the southeast United States.

An expanded study with more students would yield

extensive assessment results and provide greater safety benefits to young drivers. Further
evaluation of the program would also strengthen the reported results through correlation
of the participants' driving records and the course assessment performance. In addition,
complementary driver training modules may be developed for an improved novice driver
training course. Nevertheless, the safe driving program with tailgate driving module has
been shown to be an effective method to improve novice driver knowledge, behavior, and
awareness of important driving actions and situations.
The application of in-vehicle data recorders offers valuable information on a
driver’s behavior through the analysis of automobile-operating information. In Chapter
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5, a method was developed to evaluate driver performance using a combination of three
analysis methods: data threshold violations, phase plane analysis with limits, and a
recurrence plot with outlier limits.

Additionally, a driver classification system was

created to correlate the driver performance analysis to driver risk levels. A pilot study
using five human subjects was conducted to gather in-vehicle data for analysis. Overall,
60% (3) of the drivers were placed into the proposed ‘target’ range while 20% (1) fell
into the assertive (above target) range and 20% (1) into a cautious (below target) range.
This study was limited by the small sample size that was used; however, it did
demonstrate the potential for such a system to be applied to a larger-scale project. An
opportunity exists to further investigate their concepts with a greater number of test
subjects. In addition, refinements of the methodology can be considered using increased
participant data.
Vehicle
The ground vehicle provides a unique opportunity to increase occupant safety
through improved technology and integrated safety systems. One such system, obstacle
avoidance, was presented and discussed in Chapter 6.

The human-vehicle cockpit

interface introduced supplemental feedback to the driver as part of an obstacle avoidance
warning system. Two studies using a three-channel (audio, visual, and haptic) approach
were conducted to notify drivers of impending obstructions in the roadway, and a third
larger study focused on using haptic feedback through the steering wheel. A high-fidelity
driving simulator created a driving environment for human-subject laboratory testing.
Preliminary testing demonstrated the effectiveness of obstacle warning systems that
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incorporate audio, visual, and haptic feedback on a realistic virtual highway. Secondary
testing revealed the relative effectiveness of each warning method, with audio and haptic
feedback shown to be the most effective. Haptic feedback may be configured, based on a
driver’s personal preference, to maximize the effectiveness of communication while
minimizing driver distraction. Haptic feedback has the added benefit of being language
and color independent allowing for universal clarity, detection, and understanding.
The experimental results demonstrated an overall improvement in driver safety;
the most basic example was a 62% reduction in hit obstacles. Drivers were also able to
react earlier to objects in the roadway and maintain improved vehicle stability. The
opportunity exists for additional testing to better determine the optimal system settings,
as well as to evaluate other feedback signals. The proposed haptic feedback system does
include some limitations.

Currently, the developed system is dependant on the

availability of on-board sensors and electronic steering. However, high-end vehicles are
being equipped with advanced vehicle sensors capable of providing the necessary
information and steer-by-wire systems may soon become a reality.
One of the most dangerous types of vehicle crashes are run-off-road (ROR)
situations, in which a vehicle begins to travel off of the roadway and the driver must take
corrective action to return the vehicle to the proper lane and heading. In Chapter 7, two
separate controllers have been developed for the autonomous recovery of the vehicle
from a ROR situation using combined steering and differential braking inputs. The two
developed controllers (sliding mode, state flow) outperformed a driver model by safely
returning the vehicle into the correct lane and heading without loss of stability or
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excessive lane error. The controllers were simulated under a variety of vehicle and
roadway conditions. The Sliding Mode controller was successful under most conditions,
while the State Flow controller proved to be a reliable, robust solution under all
scenarios.
The vehicle speed and shoulder/road surface friction differences were shown to
have the greatest influence on the ROR controllers performance. Increasing either of
those parameters reduced the controller performance. For instance, raising the road µ did
allow greater controller performance as measured by reduced recovery time and distance.
However, increasing the shoulder µ level closer to the road µ, even slightly, could have a
larger positive impact on the vehicle recovery.

An opportunity exists for further

development of an autonomous ROR controller, most notably by focusing on pre-event
recognition and/or action, and improvement of the vehicle parameter estimators, such as
cornering stiffness and tire slip angles.
Recommendations
The presented studies demonstrated positive results, but opportunities exist to
further improve automotive safety. Both the driver training program and in-vehicle data
analysis study would benefit from the standardization and expansion of in-vehicle
instrumentation. Additional vehicle variables, such as relative distances and velocities,
would allow for a deeper understanding of driver behaviors, while consistent vehicle
variables would make comparison between participants easier.

Additionally, data

streaming, instantaneous feedback, and large-scale data collection may be possible by
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utilizing ‘smart’ peripherals (i.e., iPhones, iPads, Blackberry and Android equipped cell
phones, etc.).
The run-off-the-road recovery study is currently in the simulation stage of
development, so in-vehicle testing would be warranted. The inclusion of additional
controller types (i.e., Lyaponov-based non-linear controller, fuzzy logic, neural network,
etc.) may provide improved recovery performance and/or a better understanding of an
optimal recovery process. Additionally, the proposed controllers utilized a hierarchal
approach for the steering and braking. Use of a fully integrated controller (steering and
braking working in tandem) may be explored to improve the overall control system
performance and simplify the necessary hardware and software for in-vehicle
implementation.
Before real-world testing is attempted, simulations should be conducted using
expanded simulated parameters (e.g., vehicle speeds, roadway designs, etc.).

After

which, extensive human-subject testing may be conducted in a laboratory setting using a
driving simulator. The final process in the ROR controller development would be invehicle testing.

Due to the nature of the ROR event, real-world testing should be

completed on a closed-course with professional drivers and all the necessary vehicle
safety equipment (e.g., restraint systems, fire suppression, out-riggers, etc.).

After

extensive testing and development, a ROR controller may be integrated into passenger
and/or commercial vehicles as a standard safety system for general use.
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Appendix A
Student Driver Tailgating Safety Training Device
Scores & Attributes

Criteria
No.

Weight
Title

5

4

3

2

Student failed
to maintain a
proper
headway
distance

Student
showed
inconsistent
grasp for the 3
second rule

Student only
slightly
applied the 3
second rule

Student
showed no
application or
use of the 3
second rule

Student did not
go above 39
MPH

Student did
not go above
40 MPH

Student failed
to reach any
type of trap
speed

Student shows
an acceptable
variance from
truck’s speed

Student could
not keep
truck’s pace

Student
showed no
awareness to
the truck’s
speed and
pace

Student was
erratic with
their speed
level with
respect to the
truck

Student showed
consistent relief
on accelerator
before maneuver

Student shoed
a sudden
release in
acceleration
before
maneuver

Student fully
pulled off of
accelerator
before
maneuver

Student began
to brake
before the
truck began
to brake

10

Student
slightly
deviated from
ideal
headway
distance

Student mostly
kept a proper
headway
distance with
acceptable
deviation

2

Headway
Time

2

Student
always
applied 3
second rule

Student
slightly
deviated from
3 second rule

Student
maintained 3
second rule,
with an
acceptable
deviation

3

Speed

2

Student did
not go above
36 MPH

Student did
not go above
37 MPH

Student did not
go above 38
MPH

2

Student’s
speed was
nearly
identical to
truck’s at all
times

Student’s
speed only
slightly
deviates from
truck’s speed

4

Student did
not anticipate
maneuver

Student
slightly
pulled off
accelerator
before
maneuver

4

5

Headway
Distance

Speed
Diff.

Applicati
on

0

Student
showed little
to no
application
proper
headway
distance

Student
Maintained
an ideal
headway
distance

1

1

Student could
not maintain a
consistent
headway
distance

Figure A.1: Tailgate training module grading rubric
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Figure A.2: Tailgate training module performance evaluation
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Appendix B
A Customizable Automotive Steering System Haptic Feedback Strategy for Enhanced
Obstacle Avoidance Performance: Surveys
Haptic Feedback Strategy for Enhanced Obstacle Avoidance Performance:
Driving Habits and Steering Feedback Questionnaire
INSTRUCTIONS: This survey contains questions relating to (a) demographics
(b) your driving habits, and (c) the steering feedback you received during the
driving simulator test.
1. Age: ______

Gender (Circle One):

Male

Female

2. How many years have you had a US driver’s license? _____
3. Have you had any formal driver training? (Circle One):

Yes

No

If yes, please describe
4. How do you rate your driving skill? (Circle One):
Poor

Below Average

Average

Above Average

Outstanding

5. How many crashes have you been involved in as a driver during the following time
frames?
____0-1 years ago

_____2-5 years ago ______6-10 years ago _____11+ years ago

6. Have you ever rear-ended another vehicle? (Circle One):

Yes

No

a. If yes, on how many separate occasions? (Circle One):
1 time

2 times

3 times

4+ times

b. Please circle the situation(s) most closely resembling the major cause of
the crash.
I didn’t realize the other vehicle was slowing down or stopping
I wasn’t paying attention (cell phone, texting, changing CD, etc.)
I was driving too fast for conditions (e.g., rain, snow, etc.) and did not stop in time
I was following too closely (tailgating)
7. Have you ever swerved to avoid hitting another VEHICLE?
(Circle One):
Yes
No
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a. If yes, how often does this occur? (Circle One):
Once a year

Once a month

Once a week

Regularly

b. Please circle the situation that most closely resembles the maneuvers’
outcome?
Avoided hitting the vehicle by running off the road
Avoided hitting the vehicle, but hit another vehicle/object
Entered an unoccupied lane to avoid hitting the vehicle
Swerved but still hit the vehicle

8. Have you ever swerved to avoid hitting an OBJECT / ANIMAL / PEDESTRIAN?
(Circle One): Yes
No
a. If yes, which one? (Circle One):

object

animal

pedestrian

b. If yes, how often does this occur? (Circle One):
Once a year

Once a month

Once a week

Regularly

c. If yes, please circle the situation that most closely resembles the outcome
of the maneuver?
Avoided hitting the object/animal/pedestrian by running off the road
Entering an unoccupied lane to avoid hitting the object/animal/pedestrian
Avoided hitting the object/animal/pedestrian, but hit another vehicle/object
Swerved but still hit the object/animal/pedestrian

9. Did the steering feedback provided during the driving simulator test assist you in
avoiding the obstacles? (Circle One): Yes No
Please explain

10. How would you rate the steering feedback in terms of providing appropriate time to
avoid the obstacles?
Warning given too early

Warning given at just the right time
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Warning given too late

11. Would you want this technology in a vehicle you purchase?
(Circle One): Yes
No

12. Please provide any additional comments or suggestions you may have.

Figure B.1: Haptic feedback driver notification study participant survey
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Haptic Feedback Strategy for Enhanced Obstacle Avoidance Performance:
Warning Preference Questionnaire
INSTRUCTIONS: This form is to be completed by the Research Assistant when
the test subject is engaged in the driving portion of the study. Given the 4-point
scale below, the subject will be exposed to each warning level and then verbally
asked to rate each feedback combination.
Feedback Combination Ratings (Amplitude – Frequency):
1. Driver’s Response to Low Amplitude – Low Frequency Feedback
1 – Poor

2 – Unsatisfactory

3 – Satisfactory

4 – Excellent

___________________________________________________________
2. Driver’s Response to Low Amplitude – Medium Frequency Feedback
1 – Poor

2 – Unsatisfactory

3 – Satisfactory

4 – Excellent

___________________________________________________________
3. Driver’s Response to Low Amplitude – High Frequency Feedback
1 – Poor

2 – Unsatisfactory

3 – Satisfactory

4 – Excellent

___________________________________________________________
4. Driver’s Response to Medium Amplitude – Low Frequency Feedback
1 – Poor

2 – Unsatisfactory

3 – Satisfactory

4 – Excellent

___________________________________________________________
5. Driver’s Response to Medium Amplitude – Medium Frequency
Feedback
1 – Poor

2 – Unsatisfactory

3 – Satisfactory

4 – Excellent

___________________________________________________________
6. Driver’s Response to Medium Amplitude – High Frequency Feedback
1 – Poor

2 – Unsatisfactory

3 – Satisfactory

4 – Excellent

___________________________________________________________
7. Driver’s Response to High Amplitude – Low Frequency Feedback
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1 – Poor

2 – Unsatisfactory

3 – Satisfactory

4 – Excellent

___________________________________________________________
8. Driver’s Response to High Amplitude – Medium Frequency Feedback
1 – Poor

2 – Unsatisfactory

3 – Satisfactory

4 – Excellent

___________________________________________________________
9. Driver’s Response to High Amplitude – High Frequency Feedback
1 – Poor

2 – Unsatisfactory

3 – Satisfactory

4 – Excellent

___________________________________________________________
Figure B.2: Haptic feedback preference survey
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Appendix C
Use of Intelligent Control for Autonomous Steering and Braking During a Run Off the
Road and Recovery Scenario: Summary Tables
Table C.1: Simulation summary data for 60kph
Speed
Δµ
(kph)

Δh δinit
Vehicle er,max el,max δmax βmax trd
Controller
(m) (deg)
Stable? (m) (m) (deg) (deg) (sec)
10
0
18
10

0.3 0.025
18
10
0.08
18
60
10
0
18
10
0.55 0.025
18
10
0.08
18

xrd
(m)

trec
(sec)

xrec
(m)

eRMS

SM

Yes

1.89 0.53 23.3 0.22 2.14 34.18 2.78 44.40 0.99

SF

Yes

1.72 0.42 40.1 0.25 1.54 24.31 2.18 34.34 0.83

SM

Yes

3.10 0.71 59.7 0.32 2.94 46.27 3.54 55.61 1.69

SF

Yes

2.44 0.23 82.6

SM

Yes

1.92 0.53 23.4 0.23 2.22 35.43 2.86 45.63 1.01

SF

Yes

1.72 0.42 39.8 0.26 1.58 24.93 2.22 34.95 0.84

SM

Yes

3.14 0.70 58.9 0.32 2.98 46.88 3.56 55.90 1.70

SF

Yes

2.44 0.23 83.2 0.63 2.42 37.08 3.02 46.14 1.34

SM

Yes

1.95 0.57 23.6

SF

Yes

1.73 0.42 39.5 -0.93 1.72 27.08 2.34 36.73 0.86

SM

Yes

3.21 0.72 60.1 -0.62 2.98 46.83 3.58 56.11 1.72

SF

Yes

2.40 0.23 83.4 -0.76 2.50 38.26 3.12 47.57 1.34

SM

Yes

1.89 0.65

22

-0.14 2.04 32.61 2.68 42.86 0.97

SF

Yes

1.69 0.42

44

-0.75 1.38 21.82 1.96 30.99 0.79

SM

Yes

3.21 0.86 67.4 -0.39 3.30 51.66 5.72 87.07 1.62

SF

Yes

2.44 0.21 82.2 -1.06 2.18 33.50 2.78 42.63 1.29

SM

Yes

1.90 0.65

SF

Yes

1.70 0.42 43.6

SM

Yes

3.28 0.85 66.7 -0.44 3.38 52.86 5.78 87.86 1.66

SF

Yes

2.43 0.21 82.9 -1.12 2.18 33.51 2.78 42.63 1.29

SM

Yes

1.91 0.68 22.1 -0.87 2.20 35.12 2.82 44.99 0.99

SF

Yes

1.73 0.42 43.4 -0.89 1.50 23.68 2.10 33.09 0.81

SM

Yes

3.35 0.86 65.6 -0.81 3.48 54.32 5.92 89.64 1.69

SF

Yes

2.43 0.21
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22

83

0.6

-0.8

2.40 36.78 3.00 45.85 1.33

2.42 38.54 3.06 48.66 1.04

-0.23 2.08 33.24 2.72 43.48 0.98
-0.9

1.38 21.82 1.96 30.99 0.79

-1.39 2.22 34.10 2.82 43.19 1.28

Table C.2: Simulation summary data for 85kph
Speed
Δµ
(kph)

Δh δinit
Vehicle er,max el,max δmax
Controller
(m) (deg)
Stable? (m) (m) (deg)
10
0
18

10
0.3 0.025
18
10
0.08
18

85

10
0
18
10
0.55 0.025
18
10
0.08
18

βmax
(deg)

trd
(sec)

xrd
(m)

trec
(sec)

xrec
(m)

eRMS

SM

Yes

2.24 0.84

27.2

-0.46

1.86 42.50 2.28 52.44 1.17

SF

Yes

2.07 0.55

43.4

-2.27

1.44 32.28 1.80 40.55 1.02

SM

Yes

3.99 1.09

64.4

-1.18

2.92 65.73 5.10 113.18 2.02

SF

Yes

3.37 0.50

79.8

-0.98

2.56 56.05 2.98 65.10 1.92

SM

Yes

2.26 0.83

27.4

-0.45

1.90 43.41 2.32 53.34 1.19

SF

Yes

2.07 0.56

43.4

-2.79

1.44 32.27 1.76 39.67 1.02

DR

No

2.21 3.71 255.6 -180.00

SM

Yes

4.03 1.07

64.9

-1.24

2.94 66.17 5.12 113.58 2.04

SF

Yes

3.40 0.50

80.1

-1.09

2.58 56.47 3.00 65.50 1.93

SM

Yes

2.32 0.82

28.6

-0.50

2.02 46.13 2.44 56.02 1.23

-

-

-

-

-

SF

Yes

2.10 0.54

43.8

-1.98

1.52 34.05 1.92 43.14 1.04

SM

Yes

4.20 1.08

66.6

-2.41

3.04 68.26 5.26 116.21 2.13

SF

Yes

3.43 0.49

80.2

-1.28

2.62 57.30 3.04 66.30 1.94

SM

Yes

2.28 1.37

25.8

-2.05

1.74 39.71 4.32 97.25 1.14

SF

Yes

2.09 0.46 -157.5

-7.70

1.60 35.73 1.90 42.61 1.04

SM

Yes

4.81 1.26

81.8

-1.13

4.08 90.78 6.64 144.74 2.59

SF

Yes

3.93 0.42

78.9

-2.01

3.66 78.31 4.08 86.89 2.41

SM

Yes

2.29 1.40

25.9

-2.23

1.74 39.71 4.34 97.63 1.16

SF

Yes

2.09 0.45 -182.7

-8.98

1.62 36.15 1.92 43.01 1.04

SM

Yes

4.90 1.25

83.4

-1.00

4.14 92.05 6.68 145.48 2.65

SF

Yes

3.97 0.41

79.1

-2.23

3.70 79.07 4.12 87.62 2.44

SM

Yes

2.32 1.66

-28.0

-2.90

1.76 40.14 8.62 185.94 1.11

SF

Yes

2.09 0.46 -200.2 -10.07

1.66 37.02 2.00 44.70 1.04

SM

Yes

5.16 1.19

87.5

-1.23

4.34 96.21 6.86 148.90 2.79

SF

Yes

4.04 0.41

79.1

-1.94

3.78 80.71 4.20 89.22 2.47
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Table C.3: Simulation summary data for 100kph (simulations that did not result in a
successful recovery resulted in null values for trec, xrec, and eRMS)
Speed
Δµ
(kph)

Δh
Vehicle er,max el,max δmax
δinit
Controller
(m) (deg)
Stable? (m) (m) (deg)
10
0
18
10

0.3 0.025
18
10
0.08
18
100
10
0
18
10
0.55 0.025
18
10
0.08
18

xrec
(m)

eRMS

SM

Yes

2.39 1.30

SF

Yes

2.24 -0.06 -209.9 -10.22 1.62 43.33 1.78 48.01 1.13

SM

Yes

4.26 1.38

68.6

-1.31 2.88 77.38 5.10 135.58 2.22

SF

Yes

3.74 0.65

71.4

-2.01 2.64 69.13 2.98 78.08 2.20

SM

Yes

2.41 1.31

29.1

-1.98 1.68 45.81 3.86 104.68 1.19

SF

Yes

2.24 -0.07 -228.1 -11.16 1.64 43.84 1.80 48.52 1.13

SM

Yes

4.30 1.35

69.0

-1.20 2.90 77.92 5.10 135.59 2.23

SF

Yes

3.74 0.65

71.2

-2.09 2.64 69.12 3.00 78.56 2.20

SM

Yes

2.49 1.22

30.3

-1.61 1.78 48.55 3.98 107.90 1.20

SF

Yes

2.27 0.34

-75.2

-9.48 1.64 43.88 1.82 49.08 1.15

SM

Yes

4.57 1.32

71.7

-1.84 3.10 83.13 5.30 140.55 2.38

SF

Yes

3.85 0.63

71.5

-1.37 2.76 72.20 3.12 81.60 2.26

SM

No

2.48 45.35 -900.0 179.87 1.82 49.44

SF

Yes

2.31 0.48 -297.5 -14.00 1.82 48.50 2.00 53.63 1.20

SM

No

5.23 8.38 819.2 -98.14 4.24 111.45

SF

Yes

4.40 0.48 -380.9 -19.52 4.30 108.42 4.68 117.46 2.75

SM

No

2.49 43.29 -900.0 179.53 1.86 50.47

SF

Yes

2.31 0.49 -319.2 -15.07 1.86 49.52 2.08 55.64 1.20

SM

No

5.32 31.20 900.0 179.82 4.24 111.83

SF

Yes

4.39 0.48 -412.4 -21.05 4.40 110.55 4.76 119.08 2.77

SM

No

2.53 8.57 732.5 -94.48 1.92 52.02

SF

Yes

2.31 0.33 -328.4 -16.02 3.80 97.64 4.18 107.10 1.20

SM

Yes

5.72 1.49

SF

Yes

4.60 0.48 -221.2 -15.11 4.30 108.87 4.70 118.43 2.85
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28.8

βmax
trd
t
x (m) rec
(deg) (sec) rd
(sec)

93.3

-1.92 1.66 45.26 3.84 104.18 1.18

-

-

-

-2.07 4.46 117.99 10.28 260.82 2.73
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